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INVESTIGATION  OP  THE  OXIDATION , KINETICS  OP  IODIDE  HAFNIUM 
IN  THE  TEMPERATURE  RANGE  PROM  600  TO  1000°C 
A. I.  Yevstyukhln,  1. 1.  Korobkov  and  I.  P.  Barinov 
INTRODUCTION 

The  present  work  is  devoted  to  study  of  the  oxidation  kinetics  of 
iodide  hafnium  in  oxygen  at  temperatures  within  the  range  from  600  to 
1000°C.  Interest  is  drawn  to  this  problem  firstly  by  the  use  of  haf¬ 
nium  in  a  number  of  new  engineering  fields  and  secondly  by  the  fact 
that  the  combination  of  the  properties  of  the  metallic  base  and  oxide 
film  which  forms  on  the  surface  of  hafnium  on  heating  to  high  temper¬ 
atures  is  exceptionally  good  with  this  metal. 

As  we  know,  hafnium  oxide  (HfOg)  is  an  extremely  high-melting 
compound.  Its  melting  point  is  nearly  800°C  above  that  of  metallic 
hafnium  and  is  approximately  28C0°C  [1].  It  does  not  undergo  polymor¬ 
phic  transformations  below  1700°C.  The  high  value  of  the  heat  of  for  • 
mation  of  this  compound  (approximately  266  kllocalories/mole)  indi¬ 
cates  its  high  thermal  and  chemical  stability. 

Only  one  work  [2]  devoted  to  investigation  of  the  oxidation  kin¬ 
etics  of  hafnium  within  the  temperature  range  from  350  to  1200°C  has 
been  published  in  the  literature.  The  authors  of  this  work  note  that 
in  the  oxidation  process  of  hafnium,  an  extremely  strong  and  compact 
oxide  film  with  high  protective  properties  forms  on  its  surface. 

According  to  the  authors  of  [2],  the  oxidation  kinetics  of  haf¬ 
nium  may  be  characterized,  in  general,  by  logarithmic  and  parabolic 
curves.  Under  certain  conditions,  however,  the  parabolic  oxidation 
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curve  of  hafnium  transforms  into  a  linear  curve.  Thi3  is  observed  when 
a  porous  white  oxide  forms  over  the  compact  oxide  layer  (which  in¬ 
creases  only  to  a  certain  thickness). 

In  the  opinion  of  the  authors  of  [2],  the  porous  layer  of  hafnium 
oxide  forms  at  a  thickness, of  the  compact  oxide  film  such  that  the 
[compressive]  stresses  in  the  latter  reach  a  magnitude  which  gives 
rise  to  cracking  in  the  oxide  film. 

The  authors  of  [2]  also  established  that  the  dependence  of  the 
oxidation  rate  constant  of  ha.uium  upon  temperature  is  clearly  ex¬ 
pressed  by  the  Arrhenius  relationship.  Proceeding  from  this,  they  com¬ 
puted  the  values  of  the  activation  energy  of  the  oxidation  process  in¬ 
dividually  for  the  logarithmic,  parabolic  and  linear  oxidation  curves, 
which  were  found  to  be  11.4,  36.0  and  26.1  kcal/mole,  respectively. 
These  Investigators  did  not  detect  variations  in  the  oxidation  rate 
constants  with  oxygen  pressure  (from  10  to  760  mm  Hg). 

The  structure  of  the  oxide  films  which  form  on  hafnium  were  also 
studied  in  [2].  According  to  x-ray  data,  the  film  of  hafnium  oxide  on 
the  metal  has  a  monoclinic  lattice. 

In  regard  to  the  oxidation  mechanism  of  hafnium,  the  authors  of 
[2]  consider  that  the  oxidation  of  hafnium  proceeds  by  the  diffusion 
of  oxygen  ions  through  the  anion  vacancies  in  the  oxide  and  by  subse¬ 
quent  reaction  with  the  hafnium  on  the  metal -oxide  boundary. 

Evaluating  [2]  as  a  whole,  it  is  necessary  to  note  that  the  data 
obtained  in  it  did  not  refer  to  pure  hafnium,  but  to  its  alloy  with  3$ 
of  zirconium,  since  the  initial  hafnium  contained  a  considerable  quan¬ 
tity  of  impurities  (including  5#  Zr,  0.02$  Fe  and  others). 

In  our  investigation,  we  used  hafnium  with  a  low  zirconium  con¬ 
tent  (less  than  1$).  The  hafnium  that  we  used  was  purified  of  nonme- 
tallic  and  other  impurities  by  the  iodide  method.  Therefore,  the  data 
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that  we  obtained  In  regard  to  the  oxidation  kinetics  of  hafnium  refer 
to  a  purer  metal  and  Is  of  great  interest  from  the  standpoint  of  in¬ 
vestigation  of  the  actual  properties  of  this  little-studied  and  ex¬ 
tremely  rare  metal. 

REDUCTION  AND  PURIFICATION  OF  METAL.  PREPARATION  OF  SPECIMENS.  METHOD 
OF  KINETIC  INVESTIGATION 

A  hafnium  powder  was  obtained  from  hafnium  oxide  through  reduction 
by  calcium  on  the  basis  of  the  method  that  was  described  In  [3]«  As  a 
result  of  refining  this  powder  by  the  iodide  method  by  the  procedure 
developed  in  our  laboratory  [4],  bars  with  diameters  greater  than  2  mm 
were  produced.  The  bars  had  a  silvery  metallic  luster,  good  plasticity 
and  were  readily  bent  (with  the  characteristic  "tin"  crack)  over  a 
3-4  mm  radius  through  an  angle  of  l80°.  Table  1  shows  the  results  of 
purification  of  the  hafnium  according  to  the  data  of  chemical  and 
spectral  analyses  of  the  initial  powder  and  iodide  hafnium.  The  micro¬ 
hardness  of  the  iodide  bars  was  measured  on  a  PTM  apparatus  with  a 
load  of  100  g;  it  was  160  units  on  the  average. 


Fig.  1.  Calibration  diagram 
for  vacuumlzed  torsion  micro - 
balance  with  tungsten  thread 
50  p.  in  diameter,  l)  Weight, 
mg;  2)  deflection  of  balance 
beam,  scale  divisions. 


The  iodide  hafnium  bars  were  re- 
melted  in  an  argon  atmosphere  in  an 
MIFI-9-3  electric -arc  furnace  with  a 
water-cooled  copper  sole  and  a  tung¬ 
sten  electrode.  The  hafnium  Jngot  ob¬ 
tained  was  then  rolled  in  air  to  a 
plate  thickness  of  1.2  mm.  After  this, 
the  plate  was  annealed  in  a  vacuum  of 
the  order  of  10"^  mm  Hg  at  a  tempera¬ 
ture  of  800°C  for  a  period  of  three 
hours.  Analyses  of  the  rolled  speci¬ 


mens  for  gaseous  impurities  and  iron  showed  the  following  composition: 
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0.014#  02,  0.008#  N  and  0.01#  Fe. 

The  density  of  the  hafnium  obtained,  which  was  found  to  be 
12.98  g/cm^  (l8°C),  was  determined  by  the  pycnometrlc  method.  This 
corresponds  to  a  zirconium  content  In  the  hafnium  of  less  than  1#. 

TABLE  1 

Results  of  Analysis  of  Powder 
and  Iodide  Hafnium 


1  3.1CMCMTW 

2  HcxoahuI 

rior.ie  Ho;MUaofl 

Q  OtNCTKa 

Hf 

>99 

>99 

Zr 

<1 

<1 

At 

0,02 

0,008 

Ca 

0.1 

0,02 

Si 

0,05 

0,01 

Ti 

0,09 

0,01 

Fe 

0,005 

0,01 

Mu 

0,01 

<0.005 

Cr 

0,003 

<0.005  | 

1)  Element;  2)  Initial;  3)  after 
iodide  purification. 

Tiie  specimens  used  for  the  kinetic  investigations  were  cut  from 
the  same  sheet  and  were  right-angled  parallelepipeds  with  dimensions 
of  1  x  7  x  13  mm.  Prior  to  testing,  they  were  carefully  polished  with 
emery  papers  of  different  grades,  down  to  the  finest,  and  subse¬ 
quently  washed  with  purified  acetone. 

The  Investigation  of  the  oxidation  kinetics  of  hafnium  was  con¬ 
ducted  on  a  vacuumized  torsion  microbalance  by  the  continuous  suspen¬ 
sion  method.  A  description  of  this  balance  and  the  suspension  method 
is  given  In  our  paper  [5].  Figure  1  shows  the  results  of  the  calibra¬ 
tion  of  the  balance  with  a  torsion  element  formed  by  tungsten  wire  . 
with  a  diameter  of  50 
RESULTS  OF  INVESTIGATION 

The  results  of  the  investigation  of  the  oxidation  kinetics  of 
hafnium  in  oxygen  under  a  pressure  of  150  mm  Hg  (which  corresponds  ap¬ 
proximately  to  the  partial  pressure  of  oxygen  in  air)  for  the  tempera¬ 
ture  range  from  600  to  1000°C  is  shown  graphically  in  Fig.  2.  The  ex- 
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posure  time  for  obtaining  the  curves  of  oxidation  rate  was  10  hours. 

The  results  of  analysis  of  the  oxidation-rate  curves  obtained, 
from  which  it  follows  that  the  experimental  points  show  good  fit  to  a 


Pig.  2.  Dependence  of  weight  increase  upon 
time  for  oxidation  of  hafnium  within  temp¬ 
erature  range  from  600  to  1000°C.  1)  Weight 
increase,  mg/cm2;  2)  time,  hours. 

straight  line  in  the  corresponding  coordinates,  are  depicted  graphi¬ 
cally  in  Pig.  3«  We  may  conclude  on  the  basis  of  the  data  in  Pig.  3 
that  at  temperatures  of  600,  700  and  800°C,  -he  oxidation  process  con¬ 
forms  to  the  cubic  function 

‘  y*  = 

where  ^  is  the  weight  increase  in  mg/cm2,  is  the  constant  of  the 

cubic  oxidation  function,  t  is  time  and  is  a  constant  dependent 
upon  the  oxidation  temperature. 

This  function  is,  however,  not  correct  for  the  initial  oxidation 
period  (15-20  minutes)  when  the  oxidation  rate  is  considerably  higher 
than  that  of  the  following  period.  This  phenomenon  occurred  for  all 
temperatures  investigated.  It  is  also  generally  observed  with  other 
metals  (Nb,  Zr,  Ti  and  others). 
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At  temperatures  of  900  and  1000  u,  the  time  dependence  of  the 
squares  of  the  weight  increases  Is  well  represented  by  a  straight 
line.  Therefor 5,  we  may  consider  that  the  oxidation  process  at  these 


Pig.  3*  Dependence  of  cubes  and  squares  of 
weight  increases  upon  time  in  oxidation  of 
hafnium  within  temperature  range  from  600  to 

1000°C.  l)  (Weight  increase)^(mg/cm^)^  x  10”^; 

2)  (weight  increase)  (mg/ cm' )  x  10”  ;  3)  time, 

hours;  4)  (weight  increase )3(mg/ cm' x  10  ; 

2  2  2 

5)  (weight  increase)  (mg/cm  )  . 
temperatures  corresponds  to  the  parabolic  function 

y*  =  W  +  c*. 

where  Kp^  is  the  rate  constant  of  the  parabolic  oxidation  function; 
all  the  rest  of  the  symbols  take  the  same  meanings  that  they  had  for 
the  cubic  function. 

Table  2  shows  the  oxidation  rate  constants  for  different  tempera¬ 
tures. 


Hie  activation  energy  of  the  oxidation  process  of  hafnium,  which 
was  found  to  be  42  kcal/mole,  was  computed  from  three  values  of  the 
oxidation  rate  constant  (K)  for  the  cubic  curve,  which  characterize 
this  process  at  temperatures  from  600  to  800°C.  For  this  purpose,  we 


-  6  - 


constructed  a  diagram  of  the  relationship  of  log  K  to  l/T  (where  T  Is 
the  absolute  temperature) ,  which  Is  shown  in  Pig.  4. 

TABLE  2 

Oxidation  Rate  Constants  of  Iodide  Haf- 

p  O 

■  nium  from  Cubic  [(g/cm  J^/sec]  and  Para¬ 
bolic  [(g/cm2)  Vsec]  Curves 


JTewrupsryp*.  'C 

3sxOH  HC.ieMMR  •  TCICMHt 

2  fcoo  MUH 

2  KoMcrsHra 

600 

4  Kj'Oh^cckhA 

6*10M# 

700 

» 

60J 

» 

5-I0-* 

5Hiipa6<WHMeCKMH 

7  *  10"  *  1 

1000  I 

> 

2*10*f 

l)  Temperature,  °C;  2)  oxidation  curve 
over  period  of  600  minutes;  3)  con¬ 
stant;  4)  cubic;  5)  parabolic. 

A  dark-gray  monolithic  oxide  film  was  observed  on  the  hafnium 
specimens  subsequent  to  oxidation  for  a  period  of  10  hours  at  all 

This  film  was  worked  by  abrasives 
only  with  difficulty  and  was  attached 
firmly  to  the  metal. 

The  curves  of  the  oxidation  rate  of 
hafnium  were  studied  on  heating  for  a 
period  of  110  hours  at  temperatures  of 
900  and  1000°C.  The  results  of  this  in¬ 
vestigation  are  shown  in  Pig.  5.  As  is 
apparent  from  Pig.  5>  two  segments  may 
be  distinguished  on  the  long-term  oxida¬ 
tion  curve  of  the  metal.  The  first  seg¬ 
ment  of  the  curve  depicts  the  oxidation  kinetics  for  the  period  when 
the  protective  oxide  film  forms  on  the  surface  of  the  specimen.  A  re¬ 
duction  in  the  oxidation  rate  with  the  passing  of  time  is  observed  in 
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temperatures. 


Pig.  4.  Relationship  of 
rate  constant  of  cubic  law 
to  temperature,  l) 

log  K  (g/cm2)^/sec. 


this  period.  This  reduction  In  the  c:.  o  h.  ion  rate  occurs,  as  has  al¬ 
ready  been  Indicated,  mainly  on  a  parabolic  (or  close  to  It)  curve. 
The  second  segment  of  the  curve  reflects  the  oxidation  kinetics  after 
an  oxide  film  of  a  certain  thickness  had  formed  on  the  specimen.  It 


Pig.  5-  Dependence  of  weight  increases  upon 
time  for  lOO^-hour  oxidation  of  hafnium  at 
temperatures  of  900  ana  1000°C.  1)  Weight 

o 

increase,  mg/cm  ;  2)  time,  hours. 


characterizes  an  increase  in  rate  with  increasing  oxidation  time.  This 
increase  proceeds  up  to  a  certain  constant  value;  then,  after  a  while, 
the  oxidation  curve  becomes  linear.  The  thickness  of  the  oxide  film, 
after  which  the  oxidation  rate  begins  to  increase,  is  generally  termed 
the  "critical"  thickness. 

For  visual  observations,  the  stage  of  accelerated  oxidation  be¬ 
gins  with  formation  of  a  white  oxide  (Pig.  6a)  at  the  edges  of  the' 
specimens  and  on  individual  zones  of  the  surface.  The  zones  of  white 
oxide  expanded  with  increasing  oxidation  time  to  coat  the  whole  sur¬ 
face  of  the  specimen  (Pig.  6b).  The  white  oxide  layer  was  brittle  and 
porous. 
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The  maximum  weight  increases ,  which  correspond  to  the  critical 
thicknesses  of  the  oxide  film  for  900  and  1000°C,  were  7.26  and 
9.99  mg/cm  ,  respectively.  This  difference  in  weight  Increase  shows 
that  the  solid  dark -gray  oxide  film  grows  (without  being  convoi-tod  into 
the  white  oxide)  to  a  greater  thickness  with  increasing  temperature. 


Pig.  6.  Hafnium  specimens,  oxidation  at 
1000°C.  a)  For  3^-  hours;  b)  for  51  hours. 


The  curves  of  the  mean  oxidation  rate  for  8  hours  as  a  function 
of  temperature  are  shown  in  Pig.  7  and  may  be  used  to  evaluate  the 
relative  stability  of  hafnium  and  zirconium.  As  may  be  noted,  hafnium 
is  considerably  more  oxidation-resistant  than  zirconium.  A  sharp  in¬ 
crease  in  the  oxidation  rate  of  hafnium  is  observed  only  at  a  tempera¬ 
ture  of  700°C,  while  for  zirconium,  this  temperature  is  only  500°C. 

It  is  interesting  to  compare  the  results  of  our  investigation  of 
the  oxidation  kinetics  of  hafnium  which  had  been  subjected  to  iodide 
purification  with  analogous  data  obtained  in  [2]  on  hafnium  with  5 <f0 
zirconium. 

We  may  first  note  the  correspondence  of  the  data  pertaining  to  the 
oxidation  kinetics  within  the  temperature  range  from  900  to  1000°C, 
where  the  curves  of  the  oxidation  rate  conform  to  parabolic  laws.  At 
lower  temperatures,  however,  another  evaluation  of  the  oxidation  curve 
of  hafnium  is  obtained.  In  our  work,  experimental  data  on  the  kinetics 
were  in  closer  agreement  with  a  cubic  curve,  while  in  [2],  they  agreed 
with  a  logarithmic  curve.  The  different  evaluations  of  the  oxidation 
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kinetics  of  hafnium  in  the  temperature  range  from  600  to  800°C  cannot 
be  referred  to  the  suspension  method,  since  in  this  temperature  range, 
a  balance  of  approximately  the  same  sensitivity  was  used  in  both  cases. 

It  remains  only  to  be  assumed  that  the 
oxidation  kinetics  of  hafnium  is  depend¬ 
ent  essentially  upon  the  contamination 
of  the  metal. 

At  temperatures  of  900°C  and  above, 
the  authors  of  [2]  observed  a  transition 
from  a  parabolic  to  a  linear  curve  with¬ 
out  an  increase  in  the  oxidation  rate  on 
prolonged  holding.  In  our  case,  the  tran¬ 
sition  to  the  linear  curve  was  accom¬ 
plished  through  a  region  of  accelerated 
(as  compared  with  the  parabolic  curve) 
oxidation.  A  bend  was  detected  on  the 
oxidation-rate  curves  (see  Pig.  5)  after  a  certain  time.  The  analogous 
phenomenon  was  observed  more  distinctly  on  zirconium  [9)»  In  view  of 
this,  the  above  difference  in  the  oxidation  kinetics  of  hafnium  appa¬ 
rently  cannot  be  explained  even  by  the  different  zirconium  contents  in 
the  hafnium.  We  may  assume  that  the  authors  of  [2]  failed  to  observe 
an  increase  in  the  oxidation  rate  of  hafnium  subsequent  to  the  para¬ 
bolic  curve  as  a  result  of  the  low  sensitivity  of  the  balance  used  by 
the  authors  in  this  case  (5* 10 g/g). 

Several  attempts  have  been  made  to  predict  a  theoretical  cubic 
curve  [6,  7],  but  in  specific  cases  (for  example,  to  explain  the  oxi¬ 
dation  kinetics  of  tantalum),  its  use  was  found  to  be  inappropriate. 
However,  Kubashevskiy  and  Hopkins  [8]  consider  that  the  deviation  from 
a  clear  cubic  relationship,  which  is  generally  indicated,  may  be 


Pig.  7«  Dependence  of  mean 
oxidation  rate  of  hafnium 
and  zirconium  upon  temper¬ 
ature.  l)  Mean  oxidation 

2 

rate  for  8  hours,  mg/cm  • 
•hr;  2)  temperature,  <>C. 
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caused  by  such  secondary  effects  as,  for  example,  "aging"  of  the  oxide 

film  In  the  oxidation  process.  The  cubic  relationship  of  the  weight 
increase  to  time  for  hafnium  that  we  observed  in  the  present  work  and 
that  for  zirconium  [9]  show  that  thi3  relationship  occurs  for  a 
broader  range  of  metals  than  was  previously  assumed. 

Recently,  temperature  ranges  in  which  oxidation  of  a  number  of 
metals  (zirconium  [9],  niobium  [10],  tantalum  [11]  and  others)  pro¬ 
ceeds  through  two  distinct  stages  have  been  established.  The  first 
stage  is  characterized  by  the  formation  and  growth  of  protective  oxide 
films  (usually  dark  gray  in  color)  on  the  surfaces  of  the  metal.  The 
second  stage  comes  about  at  a  given  temperature  after  the  oxide  film 
has  attained  a  certain  thickness.  This  stage  is  characterized  by  an 
increase  in  the  oxidation  rate  with  time  due  to  cracking  in  the  pro¬ 
tective  film.  Here  the  color  of  the  oxide  usually  changes  from  dark 
gray  to  yellowish  white.  According  to  our  data,  hafnium  may  also  be 
referred  to  this  group  of  metals.  There  is  no  consistent  opinion  con¬ 
cerning  the  breakdown  mechanism  of  the  protective  properties  of  the 
oxide  films  on  these  metals;  however,  investigators  are  unanimous  in 
associating  the  mechanism  with  the  influence  of  the  compressive 
stresses  which  form  in  the  oxide  film  due  to  the  different  volumes  of 
the  metal  and  its  oxide.  As  we  have  shown  for  zirconium  and  its  alloys 
[12],  the  "critical"  thickness  of  the  oxide  film  at  which  the  process 
of  its  breakdown  begins  is  dependent  essentially  upon  the  yield  point 
of  the  metallic  base.  Thus,  among  other  things,  the  "critical"  thick¬ 
ness  of  the  oxide  film  on  zirconium  and  its  alloys  increased  with  in¬ 
creasing  temperature.  An  analogous  phenomenon  is  also  observed  for  haf¬ 
nium  on  raising  the  temperature  from  900  to  1000°C. 

At  temperatures  lower  than  900°C,  we  did  not  observe  cracks  in 
the  scale  on  the  hafnium;  however,  we  consider  that  with  sufficient 
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oxidation  exposure,  this  phenomenon  may  also  be  observed  at  lower 
temperatures  when  the  critical  thickness  of  the  oxide  film  Is  at¬ 
tained. 

CONCLUSIONS 

The  oxidation  kinetics  of  iodide  hafnium  in  oxygen  at  tempera¬ 
tures  from  600  to  1000°C  was  investigated  by  the  method  of  continuous 
suspension  on  a  highly  sensitive  vacuumized  torsion  microbalance.  As  a 
result  of  the  Investigation,  we  established  that: 

1.  The  oxidation  curve  of  hafnium  in  the  temperature  range  from 
600  to  800°C  is  expressed  by  a  cubic  function  of  time. 

2.  At  temperatures  of  900  and  1000°C,  the  oxidation  curve  of  haf¬ 
nium  is  parabolic  for  the  period  of  time  before  the  oxide  film  attains 
a  critical  thickness.  Subsequent  to  this,  cracking  of  the  oxide  film 
is  also  observed  and,  as  a  result,  an  increase  in  the  oxidation  rate. 

3.  The  increase  in  the  oxidation  rate  (break  on  kinetic  curve)  is 
coincident  with  the  transformation  of  the  dark  oxide  film  into  a  white 
oxide. 
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ZONE  MELTING  OP  NIOBIUM  BY  THE  ARC  METHOD 


A.  I.  Yevstyukhln,  V.  V.  NIkishanov  and  I.V.  Milov 
INTRODUCTION 

As  a  high-melting  metal  with  good  technological  and  nuclear  prop¬ 
erties,  niobium  has  become  increasingly  attractive  for  a  number  of  ram¬ 
ifications  of  modern  technology.  During  the  past  five  years,  a  large 
number  of  investigations  in  different  parts  of  the  world  have  been  de¬ 
voted  to  the  study  of  niobium  and  its  alloys. 

The  principal  disadvantage  of  niobium  as  a  structural  material  is 
its  low  high -temperature  corrosion  resistance  in  air,  which  drops  par¬ 
ticularly  sharply  in  technical  grades  of  the  metal,  which  contain 
large  quantities  of  impurities.  Impurities  in  niobium,  particularly 
nonmetallic  (carbon,  oxygen,  hydrogen  etc.)  impurities,  also  sharply 
reduce  the  technological  properties  of  the  metal;  this  is  extremely 
important  for  its  technological  use.  Therefore,  methods  of  purifying 
niobium  of  its  accompanying  impurities  continue  at  all  times  in  the 
foreground  of  developing  niobium  metallurgy.  The  methods  of  purifica¬ 
tion  determine,  to  a  certain  extent,  the  production  and  application  of 
niobium. 

At  present,  the  most  promising  methods  of  purifying  niobium  of 
impurities  are  considered  to  be  refining  melting  in  a  high  vacuum  and 
zone  melting  by  the  arc  or  electron  beam  methods.  Certain  investiga¬ 
tors  [1]  have  employed  so-called  "cellular”  zone  melting  of  niobium 
with  the  use  of  high-frequency  melting  for  this  purpose. 

Zone  melting  with  a  low-voltage  arc  discharge  guarantees  the  pos- 
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sibility  of  obtaining  a  comparatively  narrow  molten  zone  with  a  con¬ 
centrated  feed  of  required  power  through  the  arc  and  rapid  transfer  of 
heat  from  the  boundaries  of  the  zone.  Vigorous  dissipation  of  heat  from 
the  zone  is  accomplished  in  a  copper  water-cooled  crucible,  taking  ad¬ 
vantage  of  the  high  thermal  conductivity  of  copper,  with  which  the 
molten  metal  does  not  react.  The  method  of  arc  zone  melting  in  a  cop¬ 
per  crucible  is  attractive  for  its  simplicity,  low  cost  and  the  possi¬ 
bility  of  using  it  on  a  large  industrial  scale.  However,  like  the  me¬ 
thod  of  induction  zone  melting,  it  has  a  disadvantage  consisting  in 
the  difficulty  of  stable  power  supply,  which  plays  a  major  role  at  low 
zone  speeds. 

The  present  study  undertakes  the  task  of  experimental  investiga¬ 
tion  and  verification  of  the  feasibility  of  arc  zone  melting  of  nio¬ 
bium,  which  was  conducted  on  an  apparatus  that  was  specially  designed 
in  our  laboratory.  The  distribution  of  impurities  in  zone  melting  was 
studied  through  the  behavior  of  carbon,  silicon,  iron  and  lead  as  im¬ 
purities  that  react  differently  with  niobium.  Generally,  purification 
from  impurities  could  be  predicted  in  zone  melting  of  niobium  from 
knowledge  of  the  "niobium  comer"  of  the  diagram  of  state  of  niobium 
with  impurity  elements  [2,  3]*  The  available  diagrams  of  state  [4,  5] 
enable  us  to  solve  in  principle  the  problem  of  the  applicability  of 
zone  refining  for  certain  impurities  such  as  carbon,  silicon,  titanium, 
tungsten,  molybdenum,  tantalum,  vanadium  and  several  others.  For  exam¬ 
ple,  carbon  forms  a  solid  solution  with  niobium  below  0.02  atom-jC  and 
may  be  separated  out  by  zone  refining.  Titanium  forms  a  continuous  se¬ 
ries  of  solid  solutions  with  niobium.  Highly  effective  purification  of 
niobium  from  titanium  is  possible  in  view  of  the  low  dispersion  coef¬ 
ficient.  According  to  the  diagram  of  state  of  the  niobium  —  silicon 
system,  the  separation  of  niobium  and  silicon  may  also  be  attained  by 
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the  method  of  zone  melting.  Data  on  the  diagram  of  state  of  niobium  - 
lead  have  not  been  published.  Again,  nothing  is  known  of  the  nature  of 
the  interaction  of  niobium  with  small  lead  additives.  Proceeding  from 
the  physical-metallurgical  premises  for  the  formation  of  solid  solu¬ 
tions,  however,  it  is  difficult  to  anticipate  that  lead  will  undergo 
pronounced  solution  in  niobium. 

Thus  the  knowledge  available  at  present  on  the  diagrams  of 
state  of  niobium  with  the  above  elements  and  the  absence  of  the  nec¬ 
essary  data  prevent  our  determining  the  extent  of  purification  with 
zone  melting  by  calculation.  Experimental  investigations  are  required 
for  this  purpose. 

APPARATUS  FOR  ARC  ZONE  MELTING 

The  apparatus  used  for  arc  zone  melting  (Pig.  1)  consists  of  a 
melting  chamber,  the  vacuum  system  for  the  chamber,  a  system  for  puri¬ 
fying  the  argon  and  filling  the  chamber,  a  power  source  for  the  arc 
and  a  mechanism  to  advance  the  molten  zone.  We  used  an  MIFI-9-3  arc 
furnace  with  an  attachment  for  zone  melting.  This  attachment  consisted 
of  an  electrode-displacement  system  and  a  ring-shaped  copper  crucible. 
The  crucible  had  a  circular  groove  with  a  partition  for  specimens  with 
lengths  to  230  mm  and  a  dished  depression  in  the  center  for  a  getter. 
The  crucible  and  electrode  were  cooled  vigorously  with  water.  The 
mechanical  system  for  electrode  displacement  at  a  preset  rate  was 
mounted  on  the  housing  of  the  arc  furnace.  It  consisted  of  an  electric 
motor,  a  reducer  with  discontinuous  speed  control,  and  a  mechanism  for 
displacement  and  adjustment  of  the  gap  between  the  electrode  and  ingot. 
Three  columns  support  a  bearing  ring  in  which  a  gear  pair  turns.  The 
larger  gear  of  this  pair  has  a  groove  in  which  the  articulated  adjust¬ 
ing  head  was  displaced.  The  electrode  passed  through  the  head.  Varia¬ 
tion  of  the  radius  of  the  circle  through  which  the  electrode  is  dis- 
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Pig.  1.  General  appear¬ 
ance  of  apparatus  used 
for  arc  zone  melting. 


placed  was  accomplished  by  moving  the  ar¬ 
ticulated  head  along  the  groove.  Rotation 
of  a  nut  raised  or  lowered  the  electrode. 
Airtightness  was  secured  in  the  system  with 
bellows  and  a  rubber  vacuum  seal. 

The  smelting  chamber  of  the  furnace 
was  connected  to  a  forevacuum  pump  and  the 
purification  system  for  the  inert  gas.  The 
attachment  used  enables  us  to  conduct 
smelting  in  either  an  inert  atmosphere  or  a 
vacuum.  We  conducted  the  zone  melting  of 
niobium  in  an  atmosphere  of  argon  since  the 


arc  will  burn  more  steadily  in  argon  than  it  will  in  a  vacuum  and  a 


narrow  molten  zone  is  produced.  To  purify  the  argon  of  moisture  and 


Fig.  2.  Niobium  specimen  after 
zone  leveling. 


impurities,  we  passed  it  through  CaClg  and  heated  shavings  of  metallic 
calcium  and  metallic  zirconium. 

TESTS  ON  ARC  ZONE  MELTING  OF  NIOBIUM 

Technical -purity  niobium  served  as  the  initial  material  for  zone 
melting.  The  impurity  content  in  the  niobium  did  not  exceed  the  values 
given  in  Table  1. 

The  material  in  the  form  of  individual  melted  fragments  and  fil¬ 
ings  with  a  total  weight  to  150  g  was  poured  into  the  circular  groove 
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TABLE  1 

Impurity  Content  In  Niobium 


.  1  9,1  ewe  st 

2  Bec*  *  |  1 

2  *««*  * 

Kwcnopoi  3^ . 

BoAOpOJl  .H . 

Aaot  .  .  5  .> . 

Cbmhch  <7  P . 

XpOM  .  .  ( . 

0,008  :  yr.TcpoA  /-*8. . 

0.007  Wc.imo  i*  . 

0,012  J  Thtsh  .  .10.  . 

0,030  KpCMHH A  .  .  .  .  . 

0,040  l 

0,060 

0,08 

0.150 

0.080 

1)  Element;  2)  56  by  weight;  3)  oxygen;  4)  hy¬ 
drogen;  5)  nitrogen:  6)  lead;  7)  chromium;  o) 
carbon;  9)  iron;  10)  titanium;  ll)  silicon. 

and  fused  together  into  a  monolithic  specimen.  This  specimen  was  sub¬ 
jected  to  zone  melting  for  ten  passes  in  the  forward  and  reverse  di¬ 
rections  with  a  speed  of  0.5  mm/sec  in  order  to  render  composition  un¬ 
iform  over  the  length  of  the  specimen.  After  zone  leveling,  a  control 
specimen  5-10  g  in  weight, from  which  we  determined  the  initial  hard¬ 
ness  and  chemical  composition  of  the  specimen  after  completion  of  the 
process,  was  cut  from  the  ingot  with  the  arc  without  opening  the  fur¬ 
nace. 

The  furnace  was  connected  with  the  argon-purification  system  at 
all  times  during  the  melting.  Prior  to  starting  the  melting  and  before 
each  pass,  an  iodide-zirconium  getter  was  melted  for  an  extended  pe¬ 
riod.  These  measures  should  have  contributed  to  most  complete  elimina¬ 
tion  of  the  oxygen  and  nitrogen  from  the  argon  and  the  surfaces  of  the 
furnace  and  crucible. 

Five  specimens,  each  with  a  length  of  230  mm  and  a  diameter  of 
15  mm,  were  subjected  to  zone  melting;  the  width  of  the  zone  was  20  mm. 
The  zone  speed  was  the  same  for  all  specimens  at  0.5  mm/sec.  The  number 
of  zone-  passes  was  varied  for  each  specimen  with  16,  32  (two  specimens), 
64  and  128  passes,  respectively.  After  each  pass,  the  specimens  were 
inverted  and  zone  melting  was  carried  out  on  the  undersides. 

The  purpose  of  the  tests  was  a  qualitative  detection  of  the  puri- 
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fication  effect;  therefore,  such  simple  methods  as  studying  the  varia¬ 
tion  in  hardness  over  the  length  of  the  specimen  and  metallographlc 
and  chemical  analyses  were  employed  as  controls.  In  one  case,  the  ra¬ 
dioactive-isotope  method  was  employed  to  study  the  distribution  of 

carbon  in  the  niobium  in  zone  purification.  For  this  purpose,  we  used 

14 

the  radioactive  carbon  isotope  C 

The  specimens,  which  were  sub¬ 
jected  to  directional  zone  melting, 
differed  in  external  appearance  from 
the  specimens  of  leveled  composition 
(see  Fig.  2).  The  front  zone  of  the  in¬ 
got  had  a  smooth  lustrous  surface, 
while  that  of  the  rear  zone  was  dull, 
rough  and  occasionally  had  a  large 
shrinkage  cavity  or  conical  mound.  The 
reason  for  this  is  apparently  the 
transfer  of  the  gaseous  and  other  impu¬ 
rities.  The  front  zone  of  the  ingot  was  larger  than  the  rear  due  to 
transfer  of  metal.  This  may  be  prevented  by  appropriate  tilting  of  the 
crucible. 

Very  long  crystals  grew  out  from  the  walls  and  bottom  of  the  cru¬ 
cible  toward  the  axis  of  the  specimen  in  the  direction  of  zone  move¬ 
ment.  The  grains  in  the  front  zone  of  the  ingot  were  larger  and  more 
elongated  than  those  in  the  rear  zone.  Microsections  of  the  specimens 
were  identical  for  ingots  with  different  numbers  of  zone  passes. 

Metallographlc  analysis  of  the  ingots  shows  that  as  we  approach 
the  front  and  rear  zones,  an  extension  of  the  grain  boundaries,  a  de¬ 
crease  in  grain  size  and  the  appearance  of  foreign  inclusions  (prob¬ 
ably  of  a  second  phase)  are  noted.  The  largest  and  purest  grains  are 
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Fig.  3.  External  appearance 
of  niobium  specimen  after 
zone  refining.  Zones  from 
which  sections  were  made 
are  keyed  by  dots. 


Fig.  4.  Microsection  of  zones  of  ingot  subjected  to  32  passes 
(zones  are  keyed  by  dots  in  Fig.  3)* 

cimens  (Fig.  5)  supplement  the  metallographlc  data.  The  distances  from 
the  front  end  of  the  ingot  in  the  direction  of  zone  movement  are 
plotted  against  the  axis  of  abscissas,  while  the  hardness  values, are 
plotted  against  the  axis  of  ordinates.  The  dash  line  designates  the 
hardness  level  of  the  specimen  prior  to  zone  melting.  A  comparison  of 
the  curves  for  specimens  with  different  numbers  of  passes  shows  that 
the  relative  zone  of  an  ingot  having  reduced  hardness  as  compared  with 
the  Initial  hardness  increases  in  size  with  increasing  number  of 
passes. 

Chemical  analysis  of  niobium  specimens  that  were  subjected  to 
zone  refining  at  a  zone  speed  of  0.5  mm/sec  shows  that  substantial  pu¬ 
rification  of  the  niobium  of  silicon,  titanium  and  iron  did  not  occur. 
Obviously,  this  is  explained  by  the  high  zone  speed,  at  which  purifi- 


cation  from  the  above  impurities,  which  have  distribution  coefficients 
that  differ  little  from  unity,  does  not  occur  (the  distribution  coeffi¬ 
cients  for  silicon  and  titanium  were  determined,  from  the  diagram  of 
state;  here  they  were  found  to  be  0.25  and  0. 5,  respectively). 


st  tot  ist  tot  w 

2  PQcemofiHvt  §m  mcsqm  aiumna^** 


Pig.  5.  Curves  of  hardness  dis¬ 
tribution  of  niobium  after  16 
(a),  32  (b),  64  (c)  and  128  (d) 
zone  passes  with  zone  width  of 
20  mm,  ingot  length  of  230  ran 
and  zone  speed  of  0.5  mm/sec. 

l)  Rrt  hardness;  2)  distance  from 
c 

front  of  ingot,  mm. 


Interest  is  drawn  to  data 
from  chemical  analysis  for  the 
distribution  of  lead  over  the 
length  of  the  specimens  after  zone 
refining  with  different  numbers  of 
passes.  The  distribution  curves  of 
the  lead  are  shown  in  Pig.  6.  Hie 
chemical  analysis  shows  marked  pu¬ 
rification  of  the  niobium  from  the 
lead.  After  purification,  the  lead 
Impurities  were  concentrated  In 
the  rear  zone.  The  purification 
effect  increases  with  increasing 
number  of  passes,  although  there 
is  no  noticeable  variation  in  the 
length  of  the  purified  zone  of  the 
ingot.  We  failed  to  determine  the 
distribution  coefficient  of  the 


lead  impurity  in  the  niobium,  because  the  Nb-Pb  state  was  not  studied. 

Pfann  [6]  gave  a  formula  describing  the  distribution  of  impuri¬ 
ties  after  a  single  pass; 

C  =  C,|l  -(!-*)  (1) 

where  C  is  the  impurity  concentration  at  point  x,  Cq  is  the  initial 
concentration  of  impurities  in  the  specimen,  1  is  the  length  of  the 
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zone  and  k  is  the  distribution  coefficient  of  the  impurities. 

The  equation  that  Pfann  gives  for  the  impurity  content  in  a  spe¬ 
cimen  after  zone  refining  with  n  passes  is  cumbersome  and  inconvenient 
in  calculations. 

V. I.  Vigdorovich  and  V. S.  Ivleva  [7]  proposed  a  relatively  simple 
graphical  method  for  determing  the  distribution  coefficient  after  n 
zone  passes.  The  equation  for  n  zone  passes  appears  as  follows: 

C,.=  C,  [I  —  (I  —  k) 

hence, 

r':  >{'■¥%  )-«-*"•  (a) 

denoting  the  left  member  by  x  and  the  right  member  by  £,  we  construct 
for  them  the  curves 

*  =  /(*).  y  =  ♦  (*). 

The  intersection  point  of  these  curves  corresponds  to  the  effective 
value  of  the  distribution  coefficient  k. 

Formulas  (l)  and  (2)  are  correct  for  equilibrium  states  of  the 
process.  But  with  certain  allowances  the  formulas  may  also  describe 
the  nonequilibrium  processes  of  zone  melting  with  sufficient  accuracy. 
The  values  of  the  distribution  coefficient  of  lead  in  niobium  were 
0. 80,  computed  from  the  test  data  for  a  specimen  after  64  zone  passes, 
and  0. 71  for  a  specimen  after  32  zone  passes. 

Data  of  chemical  analysis  and  the  computed  value  of  the  distribu¬ 
tion  coefficient  provide  certain  grounds  for  the  assumption  that  lead 
forms  solid  solutions  with  niobium  with  melting  points  lower  than  that 
of  pure  niobium,  and  that  these  are  displaced  to  the  end  of  the  ingot 
under  the  Influence  of  zone  melting. 

Moreover,  it  is  possible  that  sufficient  diffusion  of  the  lead  in 
the  molten  zone  of  the  niobium  cannot  take  place  under  certain  melting 
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conditions.  Tills  suggests  that  lead 
may  have  a  low  diffusion  coeffi¬ 
cient  In  niobium  In  the  liquid 
phase.  However,  an  independent  in¬ 
vestigation  is  necessary  for  final 
solution  of  this  problem* 

Chemical  analysis  for  carbon 
did  not  show  any  noticeable  change 
In  its  distribution  in  the  niobium 
specimens  after  melting  at  a  zone 
speed  of  the  order  of  0.5  mm/sec. 
Thus,  for  a  specimen  subjected  to 
32  passes  with  a  speed  of 
0.5  mm/sec,  the  carbon  content  at  points  which  are  equally  spaced  at  a 
distance  of  approximately  25  mm  from  one  another  is  given  in  Table  2. 

TABLE  2 

Carbon  Content  in  Different  Zones  of  Specimen 
Subjected  to  32  Passes 


lHoxiep  yqacnc* . 

I 

2 

3 

4 

8 

6 

7 

%OAcpxaHHe  yrjicpoaa, 

0,058 

0,058 

0,08 

0,08 

0,06 

0,066 

0,07 

l)  Zone  No. ;  2)  carbon  content, 


More  accurate  data  on  the  distribution  of  carbon  was  obtained 

Ik  _ 

with  the  radioactive  isotope  C  ,  which  emits  soft  p  -radiation,  than 

lil 

was  obtained  by  the  chemical  analysis.  0.  01  percent  of  the  C  isotope 
was  introduced  into  a  specimen  with  an  Initial  carbon  content  of  0. 05# 
by  weight.  The  specimen  was  first  subjected  to  zone  leveling.  Then  di¬ 
rectional  zone  melting  was  conducted.  Thirty -two  passes  were  made. 
Measurements  of  the  radiation  intensity  were  made  with  an  end -window 
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Pig.  6.  Curves  of  lead  distri¬ 
bution  in  niobium  (direction 
of  zone  movement  is  from  left 
to  right  relative  to  distribu¬ 
tion  curve),  x)  After  32  zone 


passes;  0 
passes. ' 1 
weight;  2 


after  64  zone 
Pb  content,  %  by 
distance  from  front 


of  ingot,  mm. 


counter  through  an  aperture  in  a  lead  diaphragm  under  which  different 
zones  of  the  ingot  were  placed.  The  results  of  measurement  of  the  ra¬ 
diation  intensity  are  presented  in  the  form  of  a  graph  in  Pig.  7* 

The  experiment  showed  that 
the  distribution  coefficient  of 
carbon  in  niobium  i3  greater  than 
unity,  i.  e. ,  the  carbon  is  concen¬ 
trated  in  the  front  zone  of  the 
ingot  and  moves  against  the  motion 
of  the  zone.  Chemical  analysis 
(Table  3)  shows  that  purification 
of  niobium  of  Si,  Ti  and  Pe  was 
not  observed  under  the  given  zone¬ 
melting  conditions.  Obviously,  the 
effective  distribution  coefficients 
of  these  impurities  in  niobium  sire  close  to  unity  and  a  vast  number  of 
passes  (cycles)  is  required  for  the  niobium  to  undergo  pronounced  pu- 


TABLE  3 

Data  from  Chemical  Analysis  of  Specific  Zones 
of  Niobium  Specimens  After  Zone  Melting 


IKoji- 

lecTio 

npo- 

IOAOB 

2 

Houtp 

ynmi 

n 

SI 

Ft 

tecTM 

npo- 

SOAOt 

“2 - 

HOMep 

yMCTKt 

TI 

B 

Ft 

1 

0,12 

0.055 

0,09 

1 

m 

0,08 

0.08 

2 

0,075 

0,05 

0,09 

ftl 

0,05 

0,08 

3 

0,075 

OieAU 

50.09 

■  i1 1  pfl 

0,06 

0,08 

32 

4 

0,012 

0,05 

0,09 

04 

0,07 

0,085 

5 

0,075 

Clean 

0,08 

III  tJ 

0.045 

0,08 

6 

0,075 

0,06 

0,08 

■ 

*1 H 

Cieaw 

0.08 

7 

0,0$ 

0,09 

0,13 

Clean 

0,08 

8 

0,12 

0,05 

0,09 

H 

l)  Number  of  passes;  2)  zone  No.;  3)  traces. 
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Pig.  7.  C1  distribution  in  ni¬ 
obium  specimen  after  zone  re¬ 
fining  (number  of  passes  32, 
zone  speed  0.5  mm/sec  and 
length  of  zone  20  mm).  1)  Radi¬ 
ation  intensity  (N-Nbackground)* 

•64,  pulses/min;  2)  distance 
from  front  of  ingot,  mm. 


rlfication  from  the  impurities  under  these  conditions. 
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CONCLUSIONS 

1.  An  apparatus  for  zone  melting  of  high-melting  metal3  by  the 
electric-arc  method  was  built  and  tested.  The  tests  and  subsequent 
work  showed  the  apparatus  to  perform  reliably  during  its  operation. 

2.  Tests  were  conducted  in  the  purification  of  niobium  by  the 
zone  method.  An  effect  of  purification  from  lead  and  carbon  was  de¬ 
tected  at  a  zone  speed  of  0.5  mm/sec.  Under  more  favorable  conditions 
(reduced  zone  speed  and  molten-zone  width),  zone  refining  with  the 
use  of  an  arc  may  obviously  be  found  more  effective. 

3.  The  test  results  show  that  under  certain  melting  conditions 

(v  =  0. 5  mm/sec  and  _1  =  20  mm),  the  purification  limit  is  not  attained 
even  after  120-130  passes. 

4.  The  radioactive  isotope  method  is  highly  effective  for  detect¬ 
ing  the  purification  effect.  In  combination  with  other  methods,  the 
radioactive  isotope  method  substantially  facilitates  and  accelerates 
monitoring  of  the  processes  in  zone  melting. 

5.  The  authors  propose  that  to  conduct  purification  of  niobium 
successfully  by  the  method  of  arc  zone  melting,  it  is  necessary  to  use 
a  speed  5-10  times  lower  than  that  used  in  the  above  work;  these 
speeds  should  be  a  few  millimeters  per  minute,  i.e. ,  they  should  ap¬ 
proximate  the  speeds  employed  in  induction  zone  melting  of  low-melting 
metals.  For  this  purpose,  the  authors  designed  an  apparatus  for  arc 
zone  melting  with  molten-zone  advance  speeds  of  a  few  millimeters  per 
minute. 

REFERENCES 

1.  Industr.  Heat,  No.  5»  924  (1958)* 

2.  Vigdorovich,  V.N.,  Krapukhin,  V.V.  and  Chernomordin,  I.F.,  Izv. 

AN  SSSR,  Otd.  Tekhn.  nauk.  Metallurgiya  i  toplivo  (Publishing 
House  of  the  Acad.  Sci.  USSR,  Division  of  Technical  Sciences, 


-  25  - 


3. 


Metallurgy  and  Fuel],  No.  4,  99  (i960). 

Vlgdorovlch,  V.N.,  Ivleva,  V.S.  and  Krol ' ,  L.Ya.,  Izv.  AN  SSSR, 
Otd.  tekhn.  nauk.  Metallurglya  1  toplivo.  No.  1,  44  (i960). 

4.  Hansen,  M.,  Anderko,  K.,  Constitution  of  binary  alloys,  1958. 

5.  Samsonov,  G.V.  and  Konstantinov,  V.N.,  Tantal  1  nlobly  [Tantalum 
and  Niobium],  Moscow,  Metallurglzdat  [State  Scientific  and  Tech¬ 
nical  Publishing  House  for  Literature  on  Ferrous  and  Nonferrous 
Metallurgy],  1959. 

6.  Pfann,  W.,  Zone  Melting,  N.Y.  (1958).  Russian  translation:  Pfann, 
V.Dzh.,  Zonnaya  plavka  [Zone  Melting],  Moscow,  Metallurglzdat, 
I960. 

7.  Vlgdorovlch,  V.N.  and  Ivleva,  V.S.,  Izv.  AN  SSSR,  Otd.  tekhn. 
nauk.,  Metallurglya  1  toplivo.  No.  1  (1961). 


-  26  - 


INVESTIGATION  OP  THE  OXIDATION  KINETICS  OP  NIOBIUM 
IN  THE  TEMPERATURE  REGION  PROM  500  to  1000°C 
B.  N.  Revyakin,  1. 1.  Korobkov,  A.  I.  Yevstyukhin 
arid  [Deceased]  V. S.  Iyashenko 

Niobium  possesses  a  whole  series  of  valuable  properties:  high 
heat  resistance,  a  relatively  small  capture  section  for  thermal  neu¬ 
trons,  good  compatibility  with  uranium,  a  high  corrosion  resistance  in 
liquid-metal  heat  carriers  and  good  technological  properties;  these 
are  indicative  of  the  promising  nature  of  its  use.  In  recent  years, 
many  studies  [1-5]  devoted  to  study  of  the  oxidation  process  of  nio¬ 
bium  have  been  published;  however,  the  mechanism  of  the  process  re¬ 
mains  unclear  in  many  respects. 

Gulbransen  and  Andrew  [1]  studied  the  interaction  of  niobium  with 
oxygen  by  the  method  of  continuous  suspension  on  a  vacuumized  torsion 
microbalance.  They  found  that  the  oxidation  follows  a  parabolic  curve 
in  the  temperature  range  from  200  to  375°C  under  an  oxygen  pressure  of 
7.6  cm  Hg.  The  activation  energy  of  the  process  was  found  to  be 
22,800  cal/mole. 

Bridges  and  Passel  [2]  investigated  the  oxidation  of  niobium  at 
temperatures  of  400-800°C  and  under  oxygen  pressures  from  1  to  40  atm. 

According  to  their  data,  beginning  at  a  certain  moment,  the  oxi¬ 
dation  of  niobium  follows  a  linear  curve  at  the  temperatures  under 
consideration;  here  the  period  of  time  after  which  the  transition  to  a 
linear  curve  is  observed  decreases  with  increasing  temperature  from 
six  hours  at  400°C  to  a  few  minutes  at  500°C  (under  an  oxygen  pressure 
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of  1  atm).  The  oxidation  rate  of  niobium  Increases  sharply  with  in¬ 
creasing  oxygen  pressure  at  550-650°C.  According  to  the  data  of  the 
authors,  the  oxidation  rate  decreases  under  oxygen  pressures  from  1  to 
40  atm  with  increasing  temperature  from  575  to  650°C,  i.e.  ,  the  oxida¬ 
tion  rate  has  a  maximum  at  575°  and  a  minimum  at  650°C.  The  activation 
energy  according  to  their  determination  is  9-10  kcal/mole  (at  500- 
800°C). 

In  a  more  recent  work  by  Gulbransen  and  Andrew  [3],  the  oxida¬ 
tion  of  niobium  was  investigated  in  the  temperature  region  from  375  to 
700°C  under  an  oxygen  pressure  of  7.6  cm  Hg. 

It  was  established  that  a  transition  from  the  parabolic  oxidation 
curve  to  the  linear  law  at  a  temperature  of  400-450°C  is  observed  at  a 
film  thickness  corresponding  to  a  weight  increase  of  50-70  mg/cm^,  i. 
e.  ,  approximately  80  minutes  after  the  start  of  oxidation. 

The  authors  explain  the  disappearance  of  the  film's  protective 
properties,  i.e.,  the  transition  to  the  linear  oxidation  curve,  by 
loss  of  adherence  of  the  oxide  film  to  the  metal,  which  was  observed 
on  individual  zones.  The  fact  that  the  oxidation  rate  decreases  with 
increasing  temperature  from  550  to  650°C,  which  was  detected  by  Bridges 
and  Passel,  is  not  confirmed  in  this  work. 

In  [4J,  the  oxidation  of  niobium  was  investigated  in  oxygen  (under 
a  pressure  of  1  atm)  and  in  air  at  temperatures  of  600-1200°C.  It  was 
established  that  niobium  oxidizes  linearly  in  oxygen  at  all  tempera¬ 
tures  investigated;  the  activation  energy  in  the  range  from  600  to 
1100°C  is  5410  cal/mole;  extrapolating  the  data  obtained  at  lower 
temperatures ,  the  oxidation  rate  above  1100°C  becomes  greater  than 
what  we  would  have  expected. 

Thus,  as  is  apparent  from  this  short  synopsis,  data  on  the  oxida¬ 
tion  kinetics  of  niobium  are  incomplete  and  highly  contradictory. 
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The  purpose  of  the  present  work  wa3  systematic  Investigation  of 
the  oxidation  kinetics  of  niobium  in  pure  oxygen  in  a  broad  tempera¬ 
ture  range  under  a  pressure  of  150  mm  Hg;  this  corresponds  approxi¬ 
mately  to  the  partial  pressure  of  oxygen  in  air. 

METHOD  OP  INVESTIGATION 

The  investigation  of  the  oxidation  kinetics  of  niobium  was  con¬ 
ducted  by  continuously  recording  the  weight  increase  in  specimens  at 
constant  temperature  as  a  function  of  the  heating  time  on  a  special 
vacuumized  torsion  microbalance.  The  working  principle  of  the  balance 
is  depicted  schematically  in  Pig.  1.  The  torsion  filament  was  prepared 
from  tungsten  wire  100  and  150  n  in  diameter.  A  quartz  balance  beam 
110  mm  long  was  fused  with  silver  chloride  to  the  middle  of  the 
thread;  the  specimen  and  counterweight  were  suspended  from  the  ends 
of  the  balance  beam  on  quartz  filaments.  The  specimen  to  be  examined 
was  attached  to  a  quartz  hook  with  platinum  wire  0. 1  mm  in  diameter. 

Calibration  and  operational  checking  of  the  balance  showed  that  its 

-6  1  -5 

sensitivity  was  7* 10  and  4* 10  ;  the  reproducibility  of  the  suspen¬ 

sion  results  was  wholly  satisfactory  (Pig.  2).  Readings  of  the  balance- 
beam  displacement  were  made  with  a  special  GMS-6  optical  measuring  de¬ 
vice  that  enables  us  to  measure  displacements  with  an  accuracy  to 
0.001  mm.  A  steady  vacuum  of  the  order  of  10“^  mm  Hg  was  created  in 
the  balance  prior  to  admission  of  oxygen.  Oxygen  was  released  into  the 
balance  after  the  required  specimen  temperature  had  been  reached.  A 
quartz  tube  in  which  the  specimen  to  be  examined  was  held  was  placed 
in  a  special  tubular  furnace  with  a  bifilar  winding,  the  temperature 
of  which  was  maintained  with  EPV-01  thermoregulators  with  an  accuracy 
of  +3°C.  The  oxidation  temperature  was  measured  with  the  use  of  a  plat¬ 
inum/platinum-rhodium  thermocouple  in  the  immediate  vicinity  of  the 
specimen. 
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Fig.  1.  Principle  of  vacuumized  microbal¬ 
ance.  l)  Water. 


The  oxygen  was  produced  by  decomposing  previously  degasified 
crystals  of  potassium  permanganate  by  heating  them  in  vacuo;  the  oxy¬ 
gen  was  passed  through  a  U-tube  with  a  filter  made  from  glass  wool  and 


iiil 


a  trap  with  liquid  nitrogen  for  the  purposes  of  purification  and  dry¬ 
ing. 

The  niobium  specimens  to  be  examined  were  rectangular  parallele¬ 
pipeds  with  dimensions  of  20  x  10  x  1  mm.  Prior  to  examination,  the 
specimens  were  polished  on  successive  emery  papers  with  gradually  de- 
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creasing  grain  size  down  to  No.  20  and  subsequently  rinsed  with  ace¬ 
tone.  Technical  rod  niobium,  which  was  remelted  in  a  vacuumized  arc 
furnace  and  subsequently  cold-rolled  into  a  sheet  1  mm  in  thickness 
served  as  the  material  for  the  investigation.  Chemical  analysis  of  the 
remelted  niobium  produced  the  following  results  99.9#  Nb,  0.027#  0, 
0.0004#  H,  0.002#  N  and  0.01#  C. 

The  cast  metal  had  a  hardness  of  110-120  Hg;  the  hardness  of  the 
metal  after  rolling  was  240  Brinell  units. 

RESULTS  OF  THE  INVESTIGATION 

The  results  of  kinetic  investigation  of  the  oxidation  of  niobium 
in  the  temperature  range  from  500-1000°C  are  shown  in  Fig.  3« 


Fig.  3.  Oxidation  curves  of  niobium  in 
oxygen  under  pressure  of  150  ran  Hg  in 
temperature  region  from  500  to  1000°C. 

p 

l)  Weight  increase,  mg/cm  ;  2)  time, 
min. 

i 

It  is  necessary  to  note  that  the  kinetic  investigation  data  shown 
in  Fig.  3  were  obtained  on  niobium  specimens  of  the  same  melt.  Inves¬ 
tigation  of  the  oxidation  of  niobium  of  various  melts  showed  that  the 
oxidation  rate  of  niobium  varied  sharply  (to  150#)  from  one  melt  to 
another.  This  shows  that  even  when  present  in  niobium  in  small  quanti¬ 
ties  (~0. 1#) ,  impurities  may  affect  the  oxidation  kinetics  of  niobium 
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very  strongly. 

The  oxidation  of  niobium  In  oxygen  (Pn  «=  150  imr.  Hg)  occurs  lin- 

v2 

early  In  the  temperature  range  Investigated  with  the  exception  of  the 
Initial  period.  In  the  course  of  which  the  oxidation  rate  takes  higher 
values  than  in  the  following  period. 

Figure  4  shows  the  dependence 
of  the  logarithm  of  the  constant  of 
the  linear  oxidation  curve  of  nio¬ 
bium  (K)  upon  the  reciprocal  of  the 
.absolute  temperature. 

It  is  apparent  from  Fig.  4 
that  only  three  logarithmic  values 
of  the  constant  of  the  linear  oxi¬ 
dation  curve,  which  were  obtained 
from  the  kinetic  oxidation  curves 
of  niobium  at  temperatures  of  600, 
700  and  800°C,  fit  satisfactorily 
on  the  straight  line. 

We  nay  conclude  from  this  that  in  contrast  to  the  majority  of  me¬ 
tals,  Arrhenius'  equation  (K  =  Ae“^^,  where  A  and  R  are  constants,  Q 
is  the  activation  energy  and  T  is  the  absolute  temperature)  is  valid 
for  the  oxidation  of  niobium  only  for  a  narrow  temperature  range  (600- 
800°C).  The  activation  energy  of  the  oxidation  process  of  niobium, 
which  was  found  to  be  25  kcal/mole,  was  computed  from  the  diagram  in 
Fig.  4  for  this  temperature  range.  On  temperature  variation  in  the 
range  from  500-600°C,  the  oxidation  rate  of  niobium  increases  more 
slowly  than  we  would  have  expected  on  extrapolating  the  Arrhenius  line 
for  lower  temperatures. 

On  increasing  the  temperature  above  800°C,  a  sharp  break  in  the 
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Fig.  4.  Dependence  of  constant 
of  linear  oxidation  curve  on 

g 

temperature,  l)  log  K,  g/cm  • 

•  hr.  - 


line  with  a  distinct  minimum  at  900°C  is  observed  on  the  diagram.  The 
oxidation  rate  at  this  temperature  was  found  to  be  approximately  half 
that  at  800°C. 

After  a  certain  oxidation  time  -  characteristic  for  each  tempera¬ 
ture  —  a  light -yellow,  porous,  brittle  oxide  appeared  on  the  surfaces 
of  the  specimens.  Beginning  with  this  moment,  the  scale  on  the  speci¬ 
mens  became  double-layered.  The  layer  thickness  of  the  light-yellow 
oxide  increased  with  time,  while  the  thickness  of  the  dark  film  re¬ 
mained  approximately  the  same. 


Fig.  5*  External  appearance  of  niobium 
specimens  oxidized  for  1  hour  at  temp¬ 
erature  of  800  (a)  and  900  (b)°C.  In 
center,  niobium  specimen;  at  sides, 
scale. 

It  is  necessary  to  note  that  the  nature  of  the  scale  changes  with 
changing  temperature.  The  light  oxide  film  which  forms  on  the  surfaces 
of  the  specimens  at  700°C  and  below  crumbles  to  irregular  plates  dur¬ 
ing  rapid  and  slow  (with  the  furnace)  cooling.  The  formation  of  a  brown 
oxide  film,  which  is  securely  attached  to  the  base  metal  and  does  not 
peel  off  on  cooling,  was  observed  on  the  faces  of  the  specimens  at 
800°C;  on  the  faces,  the  oxide  film  has  deep  cracks  running  longitud¬ 
inal  to  the  edges;  here,  unlike  the  scale  on  the  edges,  it  has  a  light- 
yellow  color  and  peels  off  when  cooled  (Fig.  5a).  A  characteristic 
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property  of  the  oxidation  process  at  QOO°C  and  above  is  sintering  of 
the  oxides,  so  that  the  scale  that  peels  off  on  cooling  exactly  re¬ 
tains  the  shape  of  the  specimen  (Pig.  5b )• 

To  ascertain  the  direction  of  diffusion  of  the  re-agents  in  for¬ 
mation  of  the  scale,  the  following  test  was  conducted.  A  thin  layer 
of  gold  was  applied  to  the  surface  of  niobium  specimens  by  vaporiza¬ 
tion  and  condensation  in  vacuo.  Subsequent  to  this,  the  specimen  was 
subjected  to  oxidation  at  600°C  for  a  period  of  3  hours.  In  the  oxida¬ 
tion  process,  the  thin  gold  layer,  which  is  an  inert  marker  in  this 
experiment,  remained  on  the  surface  of  the  specimen.  This  shows  that 
the  oxidation  of  niobium  occurs  as  a  result  of  the  diffusion  of  oxygen 
ions  through  the  oxide  layer. 

DISCUSSION  OP  RESULTS 

Data  relating  to  the  oxidation  kinetics  of  arc-melted  and  cold- 
rolled  niobium  were  obtained  in  this  study  for  the  temperature  range 
from  500-1000°C.  The  selection  of  this  temperature  range  was  dictated 
mainly  by  the  contradictions  in  the  results  obtained  from  various  in¬ 
vestigations  in  the  temperature  region  from  550-650°C  and  inadequate 
study  of  the  oxidation  kinetics  of  niobium  at  800-1000°C. 

As  a  result  of  the  present  investigation,  it  was  established  that 
the  isothermal  oxidation  process  of  niobium  is  described  by  a  linear 
law  in  the  range  from  500-1000°C;  this  fact  agrees  with  data  of  other 
investigators.  However,  we  did  not  observe  a  reduction  in  the  oxida¬ 
tion  rate  due  to  a  rise  in  temperature  in  the  range  from  550-650°C,  as 
is  noted  in  [2].  According  to  our  data  (Pig.  4),  the  constant  of  the 
oxidation  reaction  of  technical  niobium  increases  in  this  temperature 
range;  this  agrees  with  the  results  obtained  by  Gulbransen  and  Andrew 
[3J. 

In  a  higher  temperature  region,  however,  we  did  observe  an  anom- 
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aly  in  the  temperature  relationship  of  the  oxidation  constant  analo¬ 
gous  to  that  noted  in  [2],  According  to  our  observations,  the  oxida¬ 
tion  rate  of  niobium  is  reduced  by  approximately  one -half  on  increas¬ 
ing  the  temperature  from  800  to  900°C.  Such  a  significant  difference 
in  the  temperature  range  of  the  anomalous  oxidation -rate  variation  is 
highly  essential  and  is  linked  with  the  difference  in  the  degree  of 
purity  and  initial  states  of  the  niobium  employed  in  our  work  and 
those  cited  above. 

0 

a 

b 

Pig.  6.  X-ray  pattern  of  scale  from  niobium 

specimens  that  were  oxidized  for  1  hour  at 

temperatures  of  800  (a)  and  900  (b)°C. 

( CuKa *  210  kv>  RKU  “  0  114  mm). 

We  should  note  that  there  are  no  adequately  reliable  data  in  the 
literature  for  the  temperature  region  from  800-1000°C.  The  precision 
investigations  of  Gulbransen  and  Andrew  [1,  3]  include  only  the  temp¬ 
erature  region  from  200  to  700°C.  Bridges  and  Passel  [2]  published 
data  relating  to  the  oxidation  of  niobium  in  the  temperature  region 
from  400  to  800°C.  The  investigations  made  in  [4],  although  conducted 
in  a  wide  temperature  region  (600-1200°C) ,  had  a  larger  interval  — 
200°C. 

We  established  that  in  the  temperature  range  from  800  to  900°C, 
the  oxidation  rate  of  niobium  does  not  increase  with  increasing  temp¬ 
erature  as  at  other  temperatures,  but  decreases.  The  transition  from 
a-NbgO^  to  P-NbgO^  occurs  at  these  same  temperatures.  According  to  the 
x-ray  data  of  Goldschmidt  [5],  the  oxide  a-NbgO^  (the  metastable  modi- 
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flcatlon)  forming  on  oxidation  of  niobium  undergoes  an  Irreversible 
polymorphic  transformation  on  isothermal  holding.  The  time  of  this 
transformation  is  dependent  upon  the  temperature,  and  below  800°C,  the 
transformation  proceeds  so  slowly  that  it  does  not  occur  In  the  expo¬ 
sure  periods  generally  employed  to  Investigate  the  oxidation  of  nio¬ 
bium.  At  a  temperature  above  800°C,  this  process  takes  place  at  a 
faster  rate,  as  a  result  of  which  in  this  case,  the  stable  modification 
P-NbgOj  forms  on  the  niobium  surface  in  the  oxidation  process. 

According  to  our  data  (Pig.  6),  which  were  also  obtained  by  the 
x-ray  method,  a  scale  corresponding  to  a-NbgO^  forms  on  niobium  speci¬ 
mens  that  undergo  oxidation  at  temperatures  of  500-800°C,  while  the 
•scale  consists  of  P-NbgO^  at  temperatures  of  900°C  and  above. 

This  circumstance  leads  us  to  assume  the  presence  of  a  link  be¬ 
tween  the  oxidation  kinetics  and  the  structure  of  the  oxide  on  the 
surface  of  niobium. 

The  reduction  in  the  oxidation  rate  with  increasing  temperature 
from  800  to  900°C  may  also  be  explained  by  other  processes  which  occur 
in  the  oxide  film  and  mainly  by  the  sintering  of  the  oxides,  which  was 
clearly  observed  at  temperatures  above  800°C. 

In  conclusion,  we  should  note  that  for  comprehensive  evaluation 
of  the  causes  of  the  niobium  oxidation  anomaly  which  was  noted  in  the 
study,  it  is  expedient  to  study  the  physicochemical  properties  of  the 
oxide  which  forms  on  the  surface  of  niobium  at  various  temperatures. 
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MODULUS  OF  ELASTICITY  OF  BERYLLIUM 
AT  ELEVATED  TEMPERATURES 
A.N.  Semenikhin,  P. L.  Gruzin  and  D.  M.  Skorov 

INTRODUCTION 

In  recent  years,  growing  interest  has  been  turned  to  beryllium  as 
a  promising  material  for  nuclear  power  engineering  and  other  fields. 
This  Interest  was  due  largely  to  its  unique  physical  properties,  such 
as  low  specific  gravity,  high  modulus  of  elasticity  and  a  high 
strength-to-specific  gravity  ratio.  Beryllium  is  am  excellent  neutron 
moderator  and  reflector.  It  has  an  extremely  small  capture  section  for 
thermal  neutrons;  therefore,  it  is  employed  in  nuclear  reactors  as  a 
material  for  moderators  and  reflectors,  as  well  as  a  coating  for  fuel 
elements  [1].  The  broad  application  of  beryllium  is  limited,  however, 
due  to  its  high  brittleness.  The  cause  of  the  brittleness  of  beryllium 
has  not  yet  been  established. 

Definite  interest  i3  drawn  to  study  of  the  elastic  properties  of 
beryllium,  since  the  magnitude  of  the  modulus  of  elasticity  is  charac¬ 
teristic  of  the  interatomic  bond  in  metals  aind  alloys. 

EXPERIMENTAL  SECTION  AND  RESULTS 

The  variation  in  the  dynamic  modulus  of  normal  elasticity  of 
beryllium  on  heating  was  studied  in  the  present  work.  The  modulus  of 
elasticity  was  computed  from  the  resonant  frequency  of  the  bending  vi¬ 
brations  of  a  freely  suspended  cylindrical  specimen.  The  measurements 

_ii 

were  conducted  in  a  vacuum  of  10  mm  Hg  on  the  apparatus  described  in 
[2],  The  specimens  took  the  form  of  a  cylinder  5  mm  in  diameter  and 
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100  mm  In  length,  which  was  bored  from  beryllium  bars  produced  by  me¬ 
thods  of  powder  metallurgy.  Metal  with  a  99.8$  purity  was  used. 


The  resonant  frequencies  and  values  of  the  modulus  of  elasticity 
of  beryllium  at  room  temperature  are  given  in  Table  1. 

The  average  modulus  of  elasticity  obtained  for  three  specimens  at 
room  temperature  was  28,500  +  500  kg/mm2;  this  agrees  with  the  litera¬ 
ture  data  [3]. 

TABIE  1 

Resonant  Frequencies  and  Moduli  of  Elas¬ 
ticity  for  Different  Beryllium  Specimens 


•«  Hotttp 
-L«6pi3M 

_2 

3  MoJUMfc  ynpyrocMf, 
ou/mm • 

1 

5700 

28  500  j 

2 

5000 

28  800  j 

3 

4500 

28  600 

1)  Specimen  No. ;  2)  resonant  frequency, 
cps;  3)  modulus  of  elasticity,  kg/mm^. 


The  variation  In  the  modulus  of  elasticity  of  beryllium  on  heat¬ 
ing  Is  shown  In  Fig.  1.  Data  from  the  work  [3]  (the  dotted  line)  are 
also  shown  here.  It  Is  apparent  from  the  diagram  that  the  variation  In 


0  J00  too  300  too  500  S00  700  800 
B  Tettnepomfia’C 


Fig.  1.  Dependence  of  modulus  of 
elasticity  of  beryllium  upon 
temperature,  l)  Based  on  our  re¬ 
sults;  2)  based  on  data  of  work 
[3l>  A)  Modulus  of  elasticity  E* 

•  10^,  kg/mm2;  B)  temperature,  °C. 
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the  modulus  of  elasticity  is  linear  in.  character  to  a  temperature  of 
600°C.  The  temperature  coefficient  of  modulus  of  elasticity  in  the 
temperature  range  from  20  to  600°C  is  5.6  kg/mra2  per  1°C. 


TABLE  2 

Temperature  Coefficients  of  Modulus  of  Elas¬ 
ticity  for  Certain  Metals 


iMof. 1.1.1 . 

Be 

*XlSH9T 

Ti 

It 

Tov uopai ypnufi  ko^|>iiiiiiciit  MOAyi*  yitDyrocm 

H  imropiu-ie  20-  -600° C,  pcc/mm*  iia  I'C  .  . 

5.6 

6.8 

6.2 

5.1 

1)  Metal;  2)  Khl8N9T;  3)  temperature  coeffi¬ 
cient  of  modulus  of  elasticity  in  range  from 

20  to  600°C,  kg/mm2  per  1°C. 


The  difference  in  the  modulus  of 
elasticity  as  compared  with  the  data  of 
the  work  [3]  can  apparently  be  ex¬ 
plained  by  the  difference  in  the  methods 
of  preparing  the  specimens.  The  purity, 
as  well  as  the  extent  of  anisotropy  of 
the  metal  -  factors  which  exert  a  no¬ 
ticeable  influence  on  the  modulus  of 
elasticity  of  beryllium  -  are  dependent 
upon  the  method  of  specimen  preparation. 

Beginning  at  600°C,  a  more  rapid 
reduction  was  observed  in  the  modulus 
of  elasticity  of  beryllium.  The  temper¬ 
ature  coefficient  of  the  modulus  of  elasticity,  which  was  computed  in 
the  range  from  600  to  750°C,  was  13. 5  kg/mm2  per  1°C. 

However,  the  magnitude  of  the  modulus  of  elasticity  of  beryllium 
was  still  very  high  in  the  temperature  range  from  600  to  750°C.  Por 
comparison,  we  measured  the  moduli  of  elasticity  of  zirconium,  titan- 
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Pig.  2.  Dependence  of 
modulus  of  elasticity  of 
certain  metals  upon  temp¬ 
erature.  1)  Zirconium;  2) 
titanium:  3)  Khl8N9T 
steel;  4;  beryllium.  A) 
Modulus  of  elasticity  E» 

O  O 

•  10°,  kg/mm  ;  B)  tempera¬ 
ture,  °C. 


ium  and  Khl8N9T  steel  on  the  same  apparatus. 

The  results  of  the  measurements  are  shown  In  Pig.  2.  It  la  appa¬ 
rent  from  analysis  of  the  results  that  although  the  temperature  coef¬ 
ficients  of  the  moduli  of  elasticity  of  these  metals  differ  very  lit¬ 
tle  from  one  another  (Table  2),  the  modulus  of  elasticity  of  beryllium 
Is  considerably  higher  with  respect  to  magnitude.  For  example,  at  a. 
temperature  of  600°C,  it  Is  triple  that  of  zirconium  and  is  greater 
than  that  of  Khl8N9T  steel  by  a  factor  of  1.5* 

This  large  magnitude  of  the  modulus  of  elasticity  of  beryllium  at 
both  room  and  elevated  temperatures,  which  is  indicative  of  high  inter- 
atomlc-bond  strength.  Is  in  agreement  with  the  extremely  small  atomic 
diameter  of  beryllium  [4]. 

CONCLUSIONS 

1.  The  modulus  of  normal  elasticity  of  beryllium  was'  measured  on 
heating  to  a  temperature  of  800°C. 

2.  It  was  established  that  the  variation  In  the  modulus  of  elas¬ 
ticity  of  beryllium  is  linear  to  a  temperature  of  600°C.  A  more  rapid 
decrease  in  the  modulus  of  elasticity  is  observed  above  this  tempera¬ 
ture. 

3.  At  elevated  temperatures,  beryllium  has  a  considerably  higher 
modulus  of  elasticity  than  zirconium  or  titanium.  The  advantage  of 
beryllium  at  elevated  temperatures  is  still  more  obvious  if  we  compare 
the  physical  properties  referred  to  unit  weight. 
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DIFFUSION  MOBILITY  OF  LITHIUM  IN  IRON  AND  STEELS* 

N.M.  Beskorovayniy,  V. S.  Yereraeyev  and 
Yu.Ya.  Tomas shpolskly 

The  liquid  metals  -  sodium,  lithium,  the  lead-bismuth  eutectic 
and  others  employed  as  heat-transfer  agents  in  nuclear  power  engineer¬ 
ing  —  vigorously  attack  the  structural  materials  at  high  temperatures. 
Surface  changes  occur  in  the  structure  of  metals  [1,  2],  mechanical 
properties  are  impaired  [3]  and  the  thermophysical  and  other  proper¬ 
ties  are  changed.  All  these  changes,  which  are  incorporated  in  the 
general  concept  of  corrosion  in  liquid  metals,  take  extremely  diverse 
forms.  Lithium  is  one  of  the  most  aggressive  alkali  metals  as  regards 
corrosion.  This  may  be  associated  with  the  diffusion  penetration  of 
lithium  into  the  interior  of  the  structural  materials,  since  the  pre¬ 
sence  of  lithium  in  specimens  after  heating  in  a  molten-metal  bath  has 
been  established  [3]. 

Diffusion  processes  have  been  widely  studied  with  the  use  of  ra¬ 
dioactive  isotopes.  Lithium,  however,  has  short-lived  artificially  ra- 

,8  q 

dioactive  Isotopes  (Li  with  T^yg  =0*9  sec,  and  Li  with  Tjyg  ■ 

=0.2  sec);  this  makes  it  difficult  to  use  them  for  study  of  the  dif¬ 
fusion  processes. 

In  the  present  work,  we  applied  the  method  of  "flame  photometry" 
[4]  to  determine  the  lithium  concentration  in  technical  iron  and  car¬ 
bon  steels.  This  method  is  a  further  development  of  the  spectral  me¬ 
thods  using  a  photoelement  and  galvanometer  for  recording  the  radia¬ 
tion  of  a  certain  substance  in  place  of  the  usually  applied  photo- 


-  42  - 


graphic  plate;  this  enables  us  to  determine  small  Impurities  of  alkali 
metals,  and  lithium  in  particular  with  high  accuracy. 

The  alkali  metals  have  a  readily  excitable  spectrum.  For  lithium 
in  a  combustible  acetylene-air  mixture,  it  is  most  convenient  to  make 
quantitative  analysis  on  the  6708  A  line  with  an  excitation  potential 
of  1.9  ev. 


Fig.  1.  Scheme  of  apparatus  used  for  photom¬ 
etry  of  lithium  radiation  in  flame. 


The  radiation  intensity  should  be  directly  proportional  to  the 
concentration  of  the  element  being  determined  in  solution.  A  rectilin¬ 
ear  relationship  was  observed  for  lithium  with  concentrations  to 
5  y  (1  7  ■  10 %  by  weight  of  lithium)i  - 

Figure  1  shows  a  diagram  of  the  apparatus  for  photometry  of  the 
emission  of  lithium  in  the  flame.  The  solution  20  in  which  the  lithium 
content  is  to  be  determined  is  transformed  into  a  minute  aerosol  sus¬ 
pension  by  the  atomizer  5  and  fed  in  such  a  form  into  the  mixer  7  and 
then  to  the  burner  8.  large  aerosols  and  drops  are  caught  in  the  trap 
6.  Atomization  is  by  compressed  air  obtained  from  the  compressor  1. 
Fluctuations  in  the  air  pressure  are  dampened  by  the  ballast  volume  2, 
while  the  optimum  pressure,  generally  in  the  range  from  0.8  to  1.0  atm, 

-  43  - 


uut  *ymu*tdK  % 


is  set  by  the  tap  3  with  reference  to  the  manometer  4.  The  acetylene 
in  the  cylinder  9,  which  passes  through  a  purification  system  10  con¬ 
sisting  of  a  vessel  with  a  25^  solution  of  sulfuric  acid  and  a  vessel 


Pig.  2.  Distribution  of  lithium  in 
surface  layers  of  Fe,  steel  20  and 
steel  45  after  holding  in  lithium 
at  temperature  of  600°C.  l)  Lithium 
concentration,  %  by  weight;  2) 
depth  of  lithium  penetration,  mm.' 


Pig.  3*  Distribution  of  lithium  in  surface 
layers  of  Pe,  steel  20  and  steel  45  after 
holding  in  lithium  at  temperature  of  800°C. 
l)  Lithium  concentration,  ^  by  weight;  2) 
depth  of  lithium  penetration,  mm. 


with  a  saturated  alcohol  solution  of  iodine,  is  used  as  the  combustible 
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gas.  The  ballast  volume  11  assists  in  maintaining  a  constant  acetylene 
pressure  (12  Is  a  water  manometer). 

In  the  mixer  7 ,  the  compressed  air  which  Is  saturated  with  the 
aerosols  of  the  solution  being  Investigated,  Is  mixed  with  the  acety¬ 
lene  and  the  mixture  flows  Into  the  burner  8. 


Pig.  4.  Distribution  of  lithium  In  surface 
layers  of  Fe,  steel  20  and  steel  45  after 
holding  In  lithium  at  temperature  of  1000°C. 

1)  Lithium  concentration,  by  weight;  2) 
depth  of  lithium  penetration,  mm. 

The  monochromator  13  (UM-2)  emits  a  line  with  a  wavelength  of 
6708  A.  Its  Intensity  is  measured  by  the  photoelectric  multiplier  14 
(FEU-17)  and  a  galvanometer  17  with  a  sensitivity  of  10-10“*  amp/mm 
(18  is  a  shunt  used  to  vary  the  sensitivity  of  the  galvanometer).  The 
deflection  of  the  galvanometer's  mirror  Is  found  from  the  scale  19. 

The  photoelectric  multiplier  is  powered  by  an  "Orekh"  ["Walnut"] 
set  consisting  of  the  alternating -voltage  stabllitron  15  and  the  high- 
voltage  rectifier  16. 

The  relative  error  in  determining  the  lithium  content  with  a 
large  quantity  of  iron  present  in  solution  was  not  greater  than  7jtf. 

The  lithium  concentration  was  determined  by  the  additives  method  [4], 
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The  diffusion  mobility  of  lithium  in  technical  iron  and  carbon  steels 
was  determined  on  cylindrical  specimens  12-16  mm  in  diameter  and  30- 
35  mm  in  height.  The  annealed  specimens  were  placed  in  cups  made  from 
commercial  iron,  filled  with  lithium  in  a  vacuum  apparatus,  and  the 
cups  were  placed  in  containers  made  from  stainless  steel  and  the  lat- 


Fig.  5.  Microstructure  of  technical 
iron,  a)  Initial  state;  b)  etching 
of  ferrite  grain  boundaries  on  pol¬ 
ished  surface  of  specimen  after 
holding  in  lithium  at  temperature 
of  800SC  for  300  hours  (200  x). 

ter  sealed  in  an  arc  furnace  in  an  argon  atmosphere.  The  containers 
were  held  at  temperatures  of  600,  800  and  1000°C.  After  diffusion 
holding,  the  lithium  was  leached  with  water.  Subsequently,  layers 
0.  05-0. 1  mm  in  thickness  were  removed  from  the  cylindrical  surface  of 
the  specimens.  The  layers  were  dissolved  in  a  mixture  of  nitric  and 
hydrochloric  acid  and,  after  dilution  with  water  to  a  certain  concen¬ 
tration,  the  solution  was  photometered  to  determine  the  lithium  con¬ 
centration.  By  removing  sufficiently  deep  layers  from  the  surfaces,  we 
eliminated  the  influence  of  the  diffusion  of  lithium  from  the  faces  of 
the  specimens. 

Figures  2-4  show  the  lithium  distribution  in  the  surface  layers 
of  commercial  iron  after  25-hour  diffusion  holding,  as  well  as  the  dis- 
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tribution  in  the  surface  layers  of  steel  20  and  steel  45  after  3-hour 
diffusion  holding  at  temperatures  of  600,  800  and  1000°C. 

All  the  curves  have  a  maximum  regardless  of  the  diffusion  holding 
temperature,  and  there  is  less  lithium  in  the  surface  layers  than  in  the 

internal  layers;  the  maximum  lith¬ 
ium  content  increases  with  lncreas- 
’  ing  carbon  content  in  the  steel 
and  reaches  a  significant  magni¬ 
tude  -  0. 47#  -  in  steel  45.  An  in¬ 
crease  in  temperature  increases 
the  maximum  lithium  concentration 
noticeably  only  on  transition  from 
600  to  800°C.  The  depth  of  the 
diffusive  penetration  of  lithium 
also  increases  with  Increasing 
carbon  content.  The  greatest  depth 
of  lithium  penetration  in  iron  was 


Order  of  Magnitude  of  Levels  of  Diffusion 
Mobility  of  Lithium  from  the  Formula  D  ■ 
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l)  Material;  2)  diffusion  coefficient  of 

lithium  D,  cm^/sec  at  temperature,  °C;  3) 
technical  iron;  4)  steel  20;  5)  steel  45. 

observed  at  a  temperature  of  600°C  and  in  steel  20  and  steel  45  at  a 

temperature  of  800°C. 


Fig.  6.  Polished  surface^  of 
steel  45  specimen  after  holding 
in  lithium  at  temperature  of 
950°C  for  4  hours.  Surface  de¬ 
carbonized  —  ferrite.  Together 
with  corroded  grain  boundaries 
(obviously,  former  austenitic 
grains),  normal  ferrite  grain 
boundaries  are  observed  (600  x). 


TABLE  1 
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The  grain  boundaries  on  the  suxl'aces  of  the  specimens  which  were 
held  In  lithium  underwent  particularly  significant  breakdown  (Pigs.  5» 
6);  lithium  is,  so  to  speak,  an  etching  agent  that  exposes  structure 
as  a  result  of  significant  corrosion  of  the  grain  boundaries.  Obvi¬ 
ously,  the  reduced  lithium  concentration  on  the  surfaces  of  the  speci¬ 
mens  as  compared  with  the  internal  layers  is  also  explained  by  this 
fact,  since  partial  leaching  of  the  lithium  along  the  grain  boundaries 


is  possible  only  after  prolonged  treat¬ 
ment  of  the  specimens  with  water. 

From  the  depth  of  lithium  penetra¬ 
tion  in  iron  and  steel,  it  Is  possible 
to  evaluate  the  diffusion  coefficient  of 
lithium  approximately  by  the  formula 

„  aiuuuu  a  t«  it  a  u 

B  fry  dun*  otn  nocep*»oc/nu  oOpomi,**  q  .f  —  t 


Pig.  7.  Variation  in  pa¬ 
rameters  of  crystal  lat¬ 
tice  of  commercial  iron 
after  holding  in  lithium. 
1)  At  1000°C  for 
150  hours;  2)  at  800°C 
for  300  hours;  3)  at 
600°C  for  150  hours;  4) 
tabular  data  for  pure  ir¬ 
on.  A)  Lattice  parameter, 
kX;  B)  distance  from  sur¬ 
face  of  specimen,  mm;  C) 
600°  x  150  hours. 


where  D  is  the  diffusion  coefficient  in 
cm  /sec,  x  is  the  average  depth  of  pene¬ 
tration  of  the  diffusing  element  in  cm 
and  t  is  the  time  of  diffusion  holding 
in  sec. 

The  formula  in  question  is  correct 
for  cases  of  bulk  diffusion.  However, 


with  a  certain  approximation,  this  formula  may  give  an  idea  of  the  or¬ 


der  of  magnitude  of  the  level  of  diffusion  mobility  of  lithium. 

Evaluation  of  the  diffusion  mobility  of  lithium  from  the  above 
formula  is  probably  less  correct  for  commercial  iron,  since  the  grain 
boundaries  in  the  surface  layer  undergo  considerable  thickening  (vis¬ 


ible  corrosion  effect)  after  diffusion  holding  in  lithium,  and  it  is  j 

i 

I 

possible  that  in  commercial  iron,  the  diffusion  of  lithium  proceeds 
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mainly  through  the  grain  boundaries. 

Table  1  gives  the  order  of  magnitude  of  the  levels  of  the  diffu¬ 
sion  mobility  of  lithium  as  computed  from  the  above  formula. 


TABLE  2 

Data  on  Microhardness  of  Ferrite  in  Steel  20 
and  Steel  45 
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l)  Material;  2)  holding  temperature  in  lithi¬ 
um,  °C;  3)  holding  time,  hours;  4)  microhard¬ 
ness,  Hy,  kg/mm2;  5)  in  surface  layers;  6)  in 

internal  layers;  7)  initial  state;  8)  steel 
20;  9)  steel  45. 


•  .  6 


Fig.  8.  Variation  in  microhardness  of  surface 
layers  of  commercial  iron  after  100-hour  hold¬ 
ing  in  lithium  at  temperature  of  600°C  (a) 
and  800°C  (b)  (concentration  curve  of  lithium 
distribution  is  indicated  by  broken  line).  1) 

Microhardness  Hy,  kg/mm2;  2)  distance  from 

surface  of  specimen,  mm. 

The  data  given  in  Table  1  attest  to  the  high  diffusion  mobility 
of  lithium  in  steels,  which  is  comparable  in  order  of  magnitude  to  the 
diffusion  mobility  of  carbon.  Carbon  increases  the  penetration  depth 
of  lithium.  The  diffusion  mobility  of  lithium  was  lower  in  y-iron  them 
in  a -iron. 
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The  Influence  of  carbon  la  detected  both  at  a  temperature  of 
600°C,  when  It  Is  present  in  steel  in  the  form  of  Fe^C,  and  at  temper¬ 
atures  of  800  and  1000°C  when  It  was  present  In  the  form  of  a  solid 
solution  In  Y-iron»  Obviously,  when  lithium  diffuses,  we  obtain  con¬ 
siderable  development  in  the  reactive-diffusion  process,  because  the 
lithium  possesses  a  high  chemical  affinity  to  carbon,  forming  a  lith¬ 
ium  carbide  LigCg  with  a  density  of  1. 65  g/cm^  [5];  according  to  the 
diagram  of  state  of  Li-LigCg  [6],  a  low-melting  eutectic  forms  with 
lithium  (fcpj  *  165°C)  at  approximately  1  atom-#  of  carbon. 

Lithium  that  has  diffused  into  iron  and  steel  exerts  a  refining 
influence,  reducing  the  impurity  content  in  the  ferrite  grains,  as 
well  as  in  the  steel  as  a  whole.  Thus,  x-ray  examinations  show  that 
after  holding  in  lithium,  the  crystal -lattice  parameters  in  the  sur¬ 
face  layer  of  commercial  iron  decrease  to  values  close  to  the  crystal- 
lattice  parameters  of  pure  iron  (Fig.  7). 

In  carbon  steels,  the  carbon  content  decreases  sharply  In  the 
surface  layers. 

Surface  layers  of  commercial  iron  that  have  been  subjected  to  the 
corrosive  action  of  lithium  have  a  lower  microhardness  (Fig.  8). 

The  microhardness  of  ferrite  is  also  reduced  in  the  carbon  steels 
(Table  2). 

A  reduction  in  microhardness  is  possible,  however,  not  only  where 
the  concentration  of  the  dissolved  impurities  decreases,  but  also 
where  microscopic  pores  and  sponginess  form  in  the  surface  layer.  Ob¬ 
viously,  the  formation  process  of  the  microscopic  pores  and  porous 
properties  does  not  play  the  least  significant  role  in  the  corrosive 
action  of  liquid  lithium. 

Data  on  the  diffusion  mobility  of  lithium  in  iron  and  steel  show 
that  significant  changes  in  structure  as  well  as  in  properties  for 
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example,  microhardness,  is  observed  only  in  a  layer  into  which  the 
lithium  has  diffused.  In  the  surface  layer  of  commercial  iron,  the  cor¬ 
rosive  action  of  lithium  appears  mainly  along  the  grain  boundaries. 

The  grain  boundaries  have  the  greatest  number  of  defective  zones, 

\ 

which  facilitate  the  diffusion  process,  and,  in  addition  to  this,  ac¬ 
cumulation  of  impurities  (for  example,  carbon,  sulfur  and  others)  with 
which  lithium  vigorously  enters  into  reaction  is  possible  at  the 

Figure  9  shows  the  microstruc¬ 
ture  of  the  surface  layer  of  commer¬ 
cial  iron  after  holding  in  lithium 
at  a  temperature  of  600°C  over  a 
period  of  200  hours.  The  corrosive 
action  of  the  lithium  is  manifested 
in  a  considerable  thickening  of  the 
grain  boundaries.  This  is  possibly 
the  result  of  a  reaction  between 
the  lithium  and  tertiary  cementite, 
segregations  of  which  were  observed 
on  prolonged  holding  in  the  layers 

where  lithium  was  absent. 

According  to  the  diagram  of  state  of  Fe-Fe^C,  the  appearance  of 
an  austenite  network  with  a  carbon  content  of  approximately  0. 5-0. 7$ 
is  possible  along  the  grain  boundaries  of  commercial  iron  on  heating  to 
800°C.  The  change  in  the  structure  of  commercial  iron  in  a  medium  of 
liquid  lithium  at  a  temperature  of  800°C  also  occurs  basically  along 
the  grain  boundaries,  but  the  nature  of  the  corrosion  breakdown  changes 
somewhat  and  the  diffusion  mobility  of  the  lithium  is  reduced  (Figs. 

10,  11). 


boundaries. 


Fig.  9»  Microstructure  of  sur¬ 
face  layer  of  commercial  iron 
after  holding  in  lithium  at 
temperature  of  600°C  for 
200  hours.  Development  of  cor¬ 
rosion  along  ferrite -grain 
boundaries  (600  x). 
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Fig.  10.  Microstructure  of  sur¬ 
face  layer  of  commercial  iron 
after  holding  in  lithium  at 
temperature  of  800°C  for 
200  hours.  Formation  of  new 
phase  along  ferrite  grain 
boundaries,  as  well  as  develop¬ 
ment  of  phases  nonhomogeneous 
with  respect  to  shape  and  size 
of  ferrite  grains  (600  x). 


Fig.  11.  Same  as  in  Fig.  10. 
Corrosive  action  of  lithium  a- 
long  grain  boundaries ,  as  well 
as  partial  corrosion  in  grains 
themselves  (600  x). 

1000°C. 


At  temperatures  over  910°C, 
iron  enters  the  state  of  the  y- 
phase,  in  which  the  carbon  impuri¬ 
ties  present  in  technical  iron 
(0.03-0.06#)  are  dissolved. 

The  diffusion  of  lithium  is 
made  even  more  difficult;  possibly, 
this  is  linked  with  the  reduced  im¬ 
purity  content  along  the  grain 
boundaries. 

Generally,  the  austenitic 
grain  in  commercial  iron  grows  rap¬ 
idly  at  high  temperatures;  however, 
in  a  layer  where  lithium  haw  dif¬ 
fused,  the  grain  growth  is  almost 
completely  arrested,  since  products 
of  corrosion  or  phases  rich  in 
lithium,  which  inhibit  grain  growth, 
form  along  the  grain  boundaries 
(Fig.  12).  The  increase  in  grain 
size  becomes  noticeable  only  on 
prolonged  holding,  for  example,  for 
100  hours  at  a  temperature  of 


A  new  form  of  corrosion  breakdown  -  a  network  of  points,  which 
does  not  coincide  with  the  ferrite  grain  boundaries  —  also  appears 
where  lithium  is  present  in  the  surface  layers  of  commercial  iron  at 
temperatures  of  800-1000°C  (Fig.  13).  The  most  likely  reason  for  the 
reticular  corrosive  action  of  lithium  at  temperatures  of  800-1000°C  is 
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Pig.  12.  Microstructure  of  commercial 
iron  a.'  ter  heating  at  temperature  of 
1000°C  for  50  hours,  a)  Heated  in  ar¬ 
gon  atmosphere,  large  ferrite  grains; 
b)  heated  in  medium  of  liquid  lith¬ 
ium-,  relatively  small  ferrite  grains, 
along  whose  are  indications  of  corro¬ 
sive  action. of  lithium  (200  x). 


Pig.  13.  Microstructure  of  commer¬ 
cial  iron,  a)  Unetched  microsection 
of  surface  layer  after  heating  in 
lithium  at  temperature  of  800°C 
for  250  hours.  Corrosion  breakdown 
in  form  of  network  of  points 
.  (300  x);  b)  same,  after  annealing 
at  temperature  of  920°C  for  1  hour; 
traces  of  corrosion  breakdown  are 
retained  in  form  of  network  (200  x). 
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sulfur  Impurities  along  the  boundaries  of  the  former  austenitic  grains. 
Figure  14  depicts  a  radloautogram  of  the  sulfur  distribution  in  commer¬ 
cial  iron  after  extremely  slow  cooling  from  the  liquid  state.  Some  of 


Fig.  14.  Radloautogram  of  sulfur  distri¬ 
bution  in  commercial  iron  after  extremely 
slow  cooling  from  liquid  state  (a)  and 
scheme  of  reticular  sulfur  distribution 
(b). 

the  sulfur  is  in  solid  solution  in  the  ferrite,  as  is  attested  to  by 
the  uniform  blackening  of  the  entire  field  of  the  radloautogram;  some 
of  the  sulfur  is  distributed  in  the  form  of  a  network  of  points,  as 
well  as  in  the  form  of  a  fine -meshed,  almost  continuous  network;  here 
the  two  forms  of  reticular  sulfur  distribution  are  not  linked  with  one 
another. 

In  commercial  iron,  sulfur  may  be  present  in  the  form  of  the  com¬ 
pound  FeS,  which  forms  a  low-melting  eutectic  {t  -  =  985°C)  with  iron. 


Fig.  15.  Microstructure  of  surface  layer  of  steel  70  after  holding  in 
lithium  at  temperature  of  800°C  for  3  hours.  Surface  layer  is  decarbo¬ 
nized:  black  inclusions  appear  Instead  of  perlite;  initial  structure 
is  in  internal  layers. 
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The  FeS-Fe  eutectic  la  precipitated  along  the  grain  boundaries  on 
extremely  slow  cooling  and  the  eutectic  sulfur  is  fixed  in  the  form  of 
a  network  of  points  on  the  radioautogram.  On  subsequent  transformation 
of  the  Y-iron  into  a-iron  (tprevr  *  910°C),  part  of  the  sulfur  dis¬ 
solved  in  the  y-iron  precipitates  out  along  the  grain  boundaries  of 
the  new  ferrite  grains  in  the  form  of  a  fine-meshed,  almost  continuous 
network,  since  the  solubility  of  the  sulfur  is  somewhat  lower  in  the 
a -iron. 

In  commercial  iron,  therefore,  we  observe  a  complete  analogy  be¬ 
tween  the  nature  of  the  sulfur  distribution  and  that  of  the  corrosive 
breakdown  in  a  medium  of  liquid  lithium  in  the  form -of  a  network  of 
points.  This  again  confirms  the  data  of  [1],  where  it  was  shown  that 
sulfur  inclusions  may  act  as  seats  of  corrosion  breakdown. 

In  a  medium  of  liquid  lithium,  the  structure  of  the  carbon  steels 
changes  to  an  even  more  significant  degree.  In  the  surface  layer, 
lithium  breaks  up  cementite  at  a  temperature  of  600°C,  while  it  attacks 
a  carbon  austenite  at  800-1000°C;  carbon  is  leached  out.  The  structural 
component  of  perlite  disappears  in  the  surface  layer  and  black  inclu¬ 
sions  —  a  product  of  the  corrosive  action  of  the  lithium  —  appear. 

This  is  seen  most  clearly  on  a  sample  of  steel  70,  which  was  held  in 
lithium  at  a  temperature  of  800°C  over  a  period  of  3  hours  (Fig.  15). 

Under  the  corrosive  action  of  lithium,  the  thickness  of  the  de¬ 
carbonized  layer  increases  with  increasing  carbon  content,  as  well  as 
at  increased  holding  temperatures  (Fig.  16). 

Data  on  the  distribution  of  lithium  show  that  the  depth  of  lith¬ 
ium  diffusion  is  approximately  double  that  of  the  breakdown  observed 
in  the  structure. 

Thus,  in  carbon  steels  (as  in  iron),  the  corrosion  breakdown  of 
the  structure  occurs  only  in  volumes  that  are  saturated  with  diffused 
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TABUS  3 

Mechanical  Properties  of  Carbon  Steels  After 
Holding  in  Argon  and  Lithium 
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Note:  Cooled  in  air  after  holding  in  argon 
and  lithium. 

1)  Type  of  metal;  2)  holding  temperature,  °C; 

3)  holding  time,  hours;  4)  kg/ cm2;  5) 

holding  in  argon;  6)  holding  in  lithium;  7) 
steel  20;  8)  steel  45;  9)  steel  70. 


lithium;  here  the  breakdown  of  the  structure  obviously  occurs  only  af¬ 
ter  accumulation  of  a  sufficient  quantity  of  lithium,  since  the  depth 
of  diffusive  penetration  of  the  lithium  exceeds  that  of  the  structural 
breakdown. 

Considerable  volume  changes  occur  in  carbon  steels  that  are  held 
in  a  medium  of  liquid  lithium;  the  dimensions  of  the  specimens  In¬ 
crease  and  the  density  of  the  carbon  steels  decreases,  and  the  more  so 
the  higher  the  carbon  content  in  the  steel  (Fig.  17). 

The  increase  in  the  dimensions  of  the  specimens  and  the  decrease 
in  the  density  of  the  carbon  steels  after  holding  in  lithium  are  pos¬ 
sible  only  on  formation  of  phases  with  low  density,  for  example,  lith¬ 
ium  carbide,  which  has  a  density  of  1. 65  g/cm or  other  phases.  This 
fact  is  once  again  indicative  of  the  major  role  played  by  the  physico¬ 
chemical  processes  on  volume  diffusion  of  lithium  in  steels  and  commer- 

-  56  - 


Pig.  16.  Depth  of  de- 
carbonlzation  in  car¬ 
bon  steels  after 
holdlrg  in  lithium 
for  3  hours,  as  ob¬ 
served  on  microscopic 
investigation.  1) 
Depth  of  decarboniza¬ 
tion,  ram;  2)  holding 

temperature,  °c. 


Pig.  17.  Variation  '-1 
density  of  carbr- _ 
steel  specimen-'  -iter 
holding  in  i' -nium 
for  3  h^urc.  1)  Reduc¬ 
tion  plasticity, 

P)  holding  tempera¬ 
ture,  °C. 


clal  Iron.  Hie  formation  or  low-density  phases  at  high  temperatures 
is  accompanied  by  significant  plastic  deformation  as  a  result  of  which 
cracks  form  on  cooling  (Fig.  18). 

The  change  in  structure  caused  by 
the  diffusive  penetration  of  lithium 
into  iron  and  carbon  steels  is  accom¬ 
panied  by  changes  in  many  properties.  As 
has  already  been  noted,  the  microhard- 
ness  of  the  surface  layers  is  reduced 
and  the  density  decreases.  In  addition 
to  this,  the  mechanical  properties  of 
the  carbon  ste.els  change  sharply:  the 
strength  and  plasticity  are  reduced  (Table  3)* 

The  reduction  in  mechanical  properties  proceeds  quite  vigorously 


Pig.  18.  Cracking  on  steel 
70  specimens  after  holding 
in  lithium  for  50  hours  at 
temperatures  of  600°C  (a), 
800°C  (b)  and  1000°C  (c). 
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In  steels  with  high  carbon  contents  and  at  higher  temperatures.  Thu3, 
steel  45  and  steel  70  acquire  the  properties  of  low-quality  cast  iron 
at  holding  temperatures  of  800-1000°C.  Such  sharp  embrittlement  of  the 

steels  and  the  decrease  in  density  may  be  explained  only  by  the  pre¬ 
sence  of  a  large  number  of  micropores,  as  well  as  a  significant  quan¬ 

tity  of  low-strength  phases  formed  as  a  result  of  diffusion  of  lithium 
and  subsequent  breakdown  of  the  structure. 

CONCLUSIONS 

1.  Lithium  has  considerable  diffusion  mobility  in  commercial  iron. 
Its  penetration  increases  sharply  in  carbon  steels  due  to  the  presence 
of  carbon. 

2.  The  changes  in  the  structures  of  commercial  iron  and  carbon 
steels  are  linked  with  the  diffusive  penetration  of  lithium;  they  oc¬ 
cur  only  in  those  volumes  where  there  is  a  sufficient  quantity  of 
lithium  as  a  result  of  diffusion. 

3.  The  penetration  of  lithium  occurs  principally  through  the 
grain  boundaries  which  are  usually  rich  in  impurities:  carbon,  sulfur 
£ind  others. 

4.  Lithium  exerts  a  refining  influence  in  regard  to  carbon  and 
ether  admixtures  in  commercial  iron  and  carbon  steels. 

5.  The  changes  in  the  structures  of  commercial  iron  and  carbon 
steels  as  a  result  of  diffusion  of  lithium  lead  to  a  decrease  in  den¬ 
sity,  the  appearance  of  micro-  and  macrocracks,  significant  reduction 
in  strength  and  embrittlement  of  the  carbon  steels. 
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THE  SOLUBILITY  OP  METALS  IN  CARBON 
Yu.G.  Godin,  A.  I.  Yevstyukhin,  V.  S.  Yemelyanov, 

A.  A.  Rusakov  and  1,1.  Suchkov 

Vast  theoretical  and  practical  interest  is  drawn  to  investigation 
of  the  solubility  of  metals  in  carbon.  Thu3  fan,  however,  there  is  no 
reliable  information  as  regards  this  problem  in  the  literature  sources. 
To  all  appearances,  this  problem  is  linked  with  a  number  of  specific 
difficulties  consisting  basically  in  the  complexity  of  introducing 
small  quantities  of  metallic  additives  into  carbon  and  uniform  distri¬ 
bution  of  them  throughout  the  volume  of  the  specimen.  These  difficul — 
ties  are  due  to  the  high  melting  points  of  carbon,'  which  exceed  4000°C, 
and  its  vapor  pressure,  which  goes  beyond  100  atm  at  the  melting  point. 

As  a  result  of  the  above,  it  has  not  been  possible  to  prepare  car¬ 
bon  specimens  for  solubility  investigation  by  the  usual  methods  (by 
melting  the  components,  powder  metallurgy  and  diffusion). 

In  order  to  facilitate  solution  of  the  problem  relating  to  the 
solubility  of  metals  in  carbon,  the  authors  divided  it  into  two 
stages.  The  problem  of  the  first  stage  was  to  determine  the  presence 
or  absence  of  solubility;  in  the  second  stage,  it  was  proposed  to  es¬ 
tablish  the  magnitude  of  the  maximum  solubility  in  cases  where  it  oc¬ 
curs.  The  present  paper  describes  the  results  of  the  first  stage, 
which  were  achieved  with  zirconium  and  niobium. 

For  solution  of  the  problem  concerning  the  presence  or  absence  of 
solubility,  we  proceeded  from  the  following.  In  the  case  of  solubility 
of  one  component  in  another,  when  an  alloy  which  lies  in  the  hetero- 
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geneouu  region  (/.‘or*  example,  alloy  x  Ln  FI./';,  l)  La  hardened  from  the 
aolldua  temperature,  the  quantity  of  the  dissolved  component  sliou  Ld 

correspond  to  ita  maximum  content  Ln  the  orys- 
talc  of  the  dlaaolvod  component  Iri  conforml fy 
with  the  segment  rule.  ILomovLng  (die  crystals 
from  the  Liaalc  maaa  of  the  specimen  and  study¬ 
ing  them,  we  may  onfall]  Lah  the  presence  or-  ab- 
aonce  of  aolublllty  and  determine  l.ta  rriagri  1  - 
tude. 

On  studying  the  diagrams  of  a  fate  of  the 
/.  Lrconium-carbon  and  niobium-carbon  cystoma,  we  ea  tab  1  La  Lied  that 
preparaf Lon  of  alloys  of  these  aya ferns  .La  posaLble  by  melting  Ln  an 


PL/;.  1.  Part  of  dia¬ 
gram  of  state  of  eu- 
toctLc  type  with 
limited  aolublllty. 


Fig.  2.  Microstructure  of  cast  hypereu foo¬ 
tle  alloy  of  zirconium- carbon  system.  Pri¬ 
mary  grains  are  of  carbon  and  eutectic  con¬ 
sisting  of  carbon  and  carbide  (200  x) . 

arc  only  up  to  certain  carbon  concentrations  in  view  of  its  high  vola¬ 
tility  at  high  temperatures.  Study  of  the  microstructure  of  alloys 
whose  carbon  contents  lay  close  to  the  maximum  values  indicates  the 
presence  in  the  alloys  of  "free"  graphite,  which  enters  into  the  eu¬ 
tectic  composition  and  separates  out  in  the  form  of  primary  crystals. 
Microstructures  of  alloys  of  the  carbon  wl  n  v. Lrconium  and  niobium 
that  we  obtained  are  shown  ln  Figs.  2  and  3.  These  alloys  consist  of 
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primary  graphite  grains  and  a  eutectic  -  a  mixture  of  graphite  and  the 
carbides  of  zirconium  or  niobium,  respectively. 

Alloys  of  carbon  with  zirconium  and  niobium  were  smelted  in  an 
MIFI-9-3  arc  furnace  with  a  cooled  copper  sole  in  an  atmosphere  of  ar¬ 
gon.  When  the  alloys  were  prepared,  a  graphite  tip  with  a  high  degree 
of  purity  was  used  in  place  of  a  tungsten  tip.  This  replacement  was 
made  in  order  to  decrease  the  volatility  of  carbon  from  the  alloy  spe¬ 
cimens  and  to  eliminate  tungsten  contamination  of  the  alloys.  Spec¬ 
trally  pure  carbon  sticks,  99.8#  pure  iodide  zirconium  rods  and 
99*3#  pure  fragments  of  rod  niobium  were  employed  as  starting  materi¬ 
als.  A  mixture  consisting  of  carbon  and  metal  fragment  was  melted 
several  times  in  the  arc  furnace  in  order  to  obtain  uniform  distribu¬ 
tion  of  the  components.  The  magnitude  of  the  arc  current  was  estab¬ 
lished  in  such  a  manner  that  the  alloy  being 
melted  formed  a  liquid  drop. 

Since  cooling  of  the  alloys  occurred 
very  rapidly  on  the  copper  sole  in  the  arc 
furnace,  it  is  obvious  that  the  prepared  al¬ 
loys  were  hardened  from  temperatures  lying 
about  the  solidus  line.  To  determine  the  sol¬ 
ubility  of  the  zirconium  and  niobium,  it  was 
necessary  to  separate  the  carbon  from  the 
carbide  mass.  The  separation  was  carried  out 
by  two  methods:  by  separating  the  carbon  and 
carbides  in  a  gravity  solution  and  by  chemi¬ 
cally  dissolving  the  carbides.  To  separate  the  carbon  in  the  carbides 
by  the  former  method,  the  alloys  were  transformed  into  a  fine  powder 
which  passed  through  a  270 -mesh  screen.  The  screened  powder  fraction 
was  poured  into  a  test  tube  with  bromoform  (density  2.8-2. 9  g/cm^), 
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Pig.  3»  Microstruc¬ 
ture  of  cast  hypereu- 
tectic  alloy  of  nio¬ 
bium-carbon  system. 
Primary  grains  are  of 
carbon  and  eutectic 
consisting  of  carbon 
and  carbide  (200  x). 


which  was  placed  in  a  centrifuge.  After  centrifuging,  a  small  quantity 
of  the  powder  remained  on  the  surface  of  the  bromoform;  this  was  fil¬ 
tered  through  filter  paper  and  washed  free  of  bromoform  with  alcohol. 
In  addition  to  graphite  lines,  we  also  observed  carbide  lines  on  ra¬ 
diograms  obtained  from  exposure  of  this  powder;  this  was  indicative  of 
incomplete  separation  of  the  carbon  and  carbides.  It  is  quite  possible 
that  this  separation  procedure  would  be  found  more  satisfactory  if  the 
alloys  were  ground  finer. 

Application  of  the  latter  method,  chemical  solution,  enabled  us 
to  produced  a  graphite  free  from  carbides.  This  method  consisted  in 
the  following :_a  finely  ground  alloy  powder  was  passed  through  a  270- 
mesh  screen  and  dissolved  by  heating  In  a  platinum  dish  in  a  mixture 
of  hydrofluoric  and  nitric  acids.  Here  the  carbides  were  dissolved, 
while  the  graphite  was  found  to  be  in  the  undissolved  residue.  After 
the  powder  was  carefully  washed  and  dried,  the  graphite  was  subjected 
to  x-ray  analysis.  A  similar  analysis  of  spectrally  pure  carbon  was 
made  for  comparison. 

Radiograms  of  the  specimens  were  produced  in  a  cylindrical  RKU-86 
chamber  with  filtered  CuKa-radiation.  The  exposure  was  made  with  the 
sharp-focus  tube  at  a  voltage  of  45  kv  and  current  of  2  ma  over  a  pe¬ 
riod  of  2  hours.  The  specimens  used  for  exposure  were  prepared  by 
packing  the  powders  into  celluloid  capillaries. 

A  radiogram  obtained  on  the  graphite  which  had  been  separated 
from  zirconium  carbide  is  shown  in  Pig.  4.  A  similar  radiogram  was 
taken  on  graphite  which  had  been  separated  from  niobium  carbide.  A  ra¬ 
diogram  of  spectrally  pure  carbon  is  shown  in  Pig.  5.  On  the  latter 
radiogram,  the  lines  with  large  glancing  angles  were  blurred;  this  is 
apparently  linked  with  the  small  particle  sizes  of  the  Investigated 
specimen.  The  doublet  splitting  of  the  rear  lines  is  clearly  apparent 
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Fits.  4.  Radiogram  of  graphite  separated  from  zirconium  carbide. 


on  the  radiogram  3hown  in  Fig.  4.  The  values  of  the  distances  between 
planes  as  were  determined  from  the  radiogram  were  compared  with  data 
on  Ceylon  graphite  [1]  and  the  values  computed  from  the  work  [£>].  The 


Fig.  5.  Radiogram  of  spectrally  pure  carbon, 
results  of  the  comparison  are  shown  in  the  table. 

It  is  apparent  from  Figs.  4  and  5  and  the  data  in  the  table  that 
there  is  splitting  of  the  004  line  on  the  radiogram  of  the  spectrally 
pure  carbon,  and  the  006  line  on  the  radiogram  of  the  graphite  oepa- 


Comparatlve  Values  of  Distances  Between  Planes 
in  Different  Graphite  Specimens,  A 
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K^he  lines  were  separated. 
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ite”!  l];  3)  d  of  spectrally  pure  carbon;  4)  d 
of  graphite  separated  from  carbide. 
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rated  from  the  zirconium  carbide.  This  splitting  cannot  be  explained 
by  the  presence  of  graphites  with  two  different  periods  _e  in  the  spe¬ 
cimen,  since  it  is  apparent  from  the  table  that  the  magnitude  of  this 
splitting  decreases  with  increasing  Bragg  angle.  It  is  interesting  to 


, 1601,  M3  A  3547.66ZA 


SSia,60SA 


1 


Pig.  6.  Segments  of  spectra,  l)  Iron;  2) 
iodide  zirconium;  3)  spectrally  pure  car¬ 
bon;  4)  graphite  separated  from  zirconium 
carbide. 


note  that  the  above  splitting  was  not  observed  on  the  radiogram  of 
Ceylon  graphite.  Comparison  of  the  distances  between  the  plano3  for 
the  graphite  that  we  separated  with  the  corresponding  values  computed 
from  the  data  of  [2],  shows  unagreement  within  the  limits  of  measure¬ 
ment  error.  Thu3,  x-ray  examination  shows  no  solubility  of  niobium  and 
zirconium  in  graphite. 

To  confirm  the  x-ray  data,  we  conducted  a  spectral  analysis  of 

the  graphite  that  we  obtained,  part  of  whose  spectrogram  is  shown  in 

* 

Pig.  6.  For  comparison,  the  spectrograms  of  iodide  zirconium  and  the 
initial  spectrally  pure  carbons  which  were  used  in  preparation  of  the 
alloys  are  shown  on  the  same  illustration;  the  last  spectral  lines  of 
the  zirconium  are  indicated  by  the  arrows.  Study  of  these  spectra 
failed  to  indicate  the  presence  of  zirconium  in  the  graphite  which  had 
been  separated  from  the  zirconium  carbide.  Since  the  sensitivity  of 
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the  zirconium  determination  by  the  spectral  method  is  of  the  order  of 
0. 01#,  we  may  assume  that  the  solubility  of  zirconium  in  graphite,  if 
any,  is  less  than  0.01#.  Similar  results  were  obtained  for  the  solu¬ 
bility  of  niobium  in  carbon. 

CONCLUSIONS 

1.  A  method  of  determining  whether  a  number  of  high-melting  Me¬ 
tals  are  soluble  in  carbon  was  proposed. 

2.  X-ray  and  spectral  examinations  did  not  indicate  solubility  of 
zirconium  and  niobium  in  carbon. 
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[List  of  Transliterated  Symbols] 

nn  =  pi  =  plavlyeniye  melting 
npe&p  =  prevr  -  prevrasheniye  =  transformation 
b  =  v  =  vyderzhka  =  holding 
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